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ABSTRACT 
Field mapping, construction of cross-sections, and laboratory 
analyses of field samples were used to map, describe, and correlate 
the Late Wisconsinan glacial sediments of northwestern Cass County, 
North Dakota and to interpret the glacial history of the area. 
The surficial geology of the area was interpreted as! 
1) collapsed glacial sediment, 2) glacial sediment draped over 
pre-existing glaciolacustrine topography, 3) proglacia1 lake sediment, 
4) wave-eroded glacial and lake sediments and 5) recent river 
sediment. Landforms within each of these areas include eskers, 
abandoned or overfit river channels, transverse ridges, ice thrust 
masses, kettles and beach deposits. 
Seven lithostratigraphic units were identified on the basis 
of texture, very coarse sand lithology, matrix calcite-dolomite 
composition, clay mineralogy, density, and stratigraphic position. 
Three till units, "A", "D" and "G", were distinguished primarily 
on the basis of density and stratigraphic position. The lowest 
till, unit "A", was deposited prior to 12,300 years B.P. The 
upper two till units, "D 11 and "G", which are in direct contact 
throughout most of the study area, were compared to determine if 
they represented two distinct till units or a single weathered 
till. Chemical analysis and stratigraphic evidence support the 
two-till theory. Till Dis interpreted as a lodgement till 
deposited by a southeast-flowing glacier approximately 11,900 years 
xi 
B.P. The sediment is a dense, homogeneous silty loam with a pre-
dominantly shale lithology probably equivalent to the Gardar 
Formation. The upper till, "G", consists of an upper ablation till 
and a lower lodgement till deposited by a southwest-flowing glacier 
11,700 years B.P. The ablation till component is a friable, pebbly 
sandy loam with lenses of well-sorted sand. The lodgement till is 
a dense, homogeneous; sandy to silty loam. These till subunits 
are equivalent to the Dahlen Formation. 
Units "B" and "C" are widespread, well-sorted lacustrine silt 
and sand units deposited from 12,300 to 11,900 years B.P. represent-
ing extensive proglacial lake deposits throughout and beyond the 
study area. 
Units "E" and "F" are limited to the central part of the study 
area and represent collapsed supraglacial lake sediments deposited 
between 11,900 and 11,700 years B.P. 
Differentiation of the units was best demonstrated by their 
relative stratigraphic positions, density, and lithologic 
composition. The presence of units nB", "C", "E" and "F" supports 
the conclusion that prior to the existence of glacial Lake Agassiz 
several proglacial and supraglacial lakes were present along the 





From 11,300 to 9,500 radiocarbon years before present (yrs, B.P.), 
glacial Lake Agassiz oooupied parts of North Dakota, South Dakota, 
Minnesota, Saskatchewan, Manitoba, and Ontario (Clayton and Moran, 
1982). Prior to the formation of this lake several proglaoial lakes 
formed along the receding margin or the Des Moines Lobe, Lacustrine and 
beach sediments deposited during this time were subsequently reworked by 
minor advances and recessions of the ioe margin. Continued wasting of 
the ice margin resulted in the ooalesenoe of several proglaoial lakes, 
whioh became glacial Lake Agassiz. Any remaining evidence of proglacial 
lake deposits is likely to be present in areas, suoh as Cass County, 
adjacent to but beyond the Herman beach position. 
Purpose 
The purpose or this study is to map, describe, and correlate the 
Late Wisoonsinan glacial tills and glaoiolaoustrine sediments of 
northwestern Cass County in order to determine the sequence of events 
responsible for their deposition. 
Area of Study 
The study area includes 324 square miles (839 square kilometres) in 
northwestern Cass County, North Dakota. Nine townships in tiers 1ij1 N. 
through 143 N. and ranges 53 w. through 55 w. are included (Figure 1). 
The study area is located in the central lowland, east of the 
Cooperstown Moraine, and extends into the glacial Lake Agassiz basin 
(Lemke and Colton, 1958), Elevations range from 1275 to 1010 feet (389 
l 
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Figure 1. Location of study area, cass County, North Dakota. 
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to 308 metres) above sea level. TIie Maple, Rush and Swan Rivers are the 
major drainage channels in the study area. 
Methodology 
Field Methods 
Few exposures are present 1n the study area, making systematic 
sample retrieval impossible. TIie only exposures are limited to gullies 
in the eastern part of the area. TI!ere, sedimentary structures were 
noted and measured where appropriate. Samples were collected and stored 
for lab analysis. Descriptions of outcrops are listed in Appendix A, 
Twelve test holes were drilled using the North Dakota Geological 
Survey truck-mounted auger. Holes were sited in areas where no previous 
drill data were available or where complex stratigraphy was indicated by 
existing North Dakota State Water Commission (NDSWC) logs. TIie 
locations of auger holes, core, exposures, and NDSWC wells are shown in 
Figure 2. Hole SF-8 was drilled using Shelby tubes to obtain minimally 
disturbed samples for more exact determination of stratigraphy. Samples 
were described on site, air dried, and stored for later lab analysis. 
Lithologic logs for auger holes and Shelby core are included in Appendix 
B. 
Topographic maps (7 1/2 minute), air photos (Air Service Corp., 
1:66,300), and County highway maps aided in the mapping of the surficial 
geology of the area, 
Lab Techniques 
All field samples were analyzed for textural and lithologic 
characteristics. Core samples were analyzed for clay mineralogy, matrix 
Figure 2. 
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Location of auger holes ( & ) , core ( • ) , outcrops ( • ) , 
and North Dakota State Water Commission wells (•)used 
in study. Stratigraphic cross-sections were constructed 
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calcite-dolomite ratios, and bulk density. The standard North Dakota 
Geological Survey sieve and hydromete~ method (Perkins,1977) was used to 
determine sand, silt, and clay percentages. Lithologic composition of 
the very coarse sand fraction (1-2mm) was determined using a binocular 
microscope. For each sample, 100 grains, or as many as existed if there 
were less than 100, were counted and classified as: 1) crystalline rock 
fragments (igneous and metamorphic rock) or crystalline rock-forming 
minerals, 2) carbonate rock fragments (limestone and dolomite), 3) shale 
fragments, or 4) ~ignite fragments. Limestone and dolomite grains were 
identified by staining with Alizarin Red and a 10 percent solution of 
hydrochloric acid. 
Semi-quantitative analysis of clay mineralogy was determined by X-
ray diffraction. Clay fractions were separated by pipette and then 
centrifuged. Oriented samples were then prepared according to the 
procedure outlined by Brekke (1979), Relative percentages were 
determined by establishing a baseline and measuring the areas under each 
curve. Each peak was divided by the total area under all peaks to 
determine relative percentages of montmorillonite, chlorite plus 
kaolinite and illite. 
Matrix calcite-dolomite ratios were analyzed using a Chittick 
apparatus. Quantitative gasometric determination of the matrix 
carbonate composition is based on the contrasting differences in rates 
of solution of calcite and dolomite in hydrochloric acid. The 
percentage of calcite and dolomite is reflected in the amount of carbon 
dioxide evolved during reaction of the samPle. The carbon dioxide 
evolved within the first minute of reaa.tion is attributed to the calcite 
8 
contained within the sample, while the carbon dioxide evolved within the 
following 29 minutes is attributed to the dolomite content within the 
matrix. Individual samples consisted of 1.70 grams of grains less than 
0.074 mm across. The procedure followed is outlined in detail by 
Boellstroff (1978), modified after Dreimanis (1962). This method 
disregards the temperature of reaction in determining the pressure-
temperature correction factor for the first reading. Dreimanis (1962) 
cautioned that the initial reaction causes the temperature inside the 
flask to rise, affecting the pressure-temperature correction factor. 
Ideally, temperature should be monitored throughout the procedure. 
Under the experimental conditions of this study, the temperature of 
reaction could not be measured directly. So, an approximate temperature 
inside the flask was estimated from the amount of carbon dioxide evolved 
in the first minute of reaction (Dreimanis, 1962). In each case, the 
samples analyzed evolved less than 50 ml of carbon dioxide. 
Accordingly, 0.5 C was added to the room temperature to determine the 
first correction factor. 
Bulk density measurements were obtained by the method outlined in 
Appendix E, Weathering, fractures, and striations on all pebbles were 
also noted, 
After the auger samples were described, analyzed, and interpreted, 
the units were correlated with lithologic and electric logs from 62 
North Dakota State Water Commission test holes. State Water Commission 
lithologic logs used in this study are included· in Appendix c. 
9 
Statistical Techniques 
Computer cluster analysis was performed on textural and lithologic 
data to generate an objective visual representation of the data in the 
form of dendrograms differentiating samples into sedimentary units 
(McCammon and Wenninger, 1970). Texturally, samples were clustered on 
the basis of sand, silt, and clay percentages. Lithologically, samples 
were compared on the basis of the percent crystalline, carbonate, shale, 
and lignite fragments in the coarse sand fraction. Cluster analysis is 
based on the degree of similarity between samples involving several 
variables. A matrix is generated whereby a distance coefficient is 
determined between every sample point based on all of the variables 
measured. A low distance coefficient indicates similarity, whereas a 
large distance coefficient indicates dissimilarity. Pairs with the 
highest mutual. similarity form the initial cluster. The clustering 
procedure is continually repeated until all samples have been paired. 
Those samples having the greatest distance coefficient are clustered 
last (Davis, 1973; Sneath and Sokel, 1973). 
PREVIOUS WORIC 
General 
Studies by Lemke and Colton (1958), Moran and others (1976), 
Clayton (1977), Clayton and others (1980, 1980a), and, most recently by 
Clayton and Moran (1982), summarized the Pleistocene geology of North 
Dakota. The glacial geology of North Dakota was first mapped in detail 
by Colton and others in 1963. In 1980, Clayton and others published a 
revised geologic map of North Dakota which included all previously 
identified glacial features and surficial deposits within the state. 
Specific studies on the glacial history or glacial stratigraphy of 
Cass County, through, are limited to a Cass County ground water study 
(Klausing, 1968) and an article by Bluemle (1974) discussin~ the 
presence of beach ridges of pre-Herman level. Stratigraphic studies of 
adjacent areas have been published by Moran and Clayton (1970), Harris 
and others (1972,1974), Arndt (1975,1977), and Camara (1977). 
Bedrock Geology 
The Carlile, Greenhorn, and Belle Fourche Formations underlie the 
western, central, and eastern parts of the study area, respectively 
(Bluemle, 1983). All three formations are Cretaceous in age and 
represent shallow marine shales. The Carlile Formation is a medium- to 
dark-gray or black noncalcareous shale; it commonly contains large 
ellipsoidal concretions. This formation is approximately 118 feet (36 
metres) thick in northeastern North Dakota (Clayton and others, 1980). 
The Greenhorn Formation is a dark-gray calcareous shale and contains 
thin-bedded shaly limestone. The Greenhorn Formation ranges in 
10 
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thickness up to 110 feet (34 metres) (Klausing, 1968). The Belle 
Fourche, the youngest of the three formations, is a medium- to dark-gray 
shale, mioaceous, and lumpy to massive in appearance. This formation 
includes beds of light-bluish-gray bentonitic clays; sand and silt 
.j'acies occur near its base in eastern North Dakota (Bluemle and others, 
1980). 
Bedrock Topography 
The bedrock surface slopes to the east, locally about 4 feet/mile 
(.76 metres/kilometre). Bedrock elevations range from approximately 766 
to 826 feet (233 to 252 metres) above sea level. No major channel or 
structures are present on the bedrock surface in the study area. 
Preglaoial Drainage 
Local drainage in the area was probably by tributaries flowing 
eastward into the preglacial Red River. Beyond the study area in the 
central part of Cass County, a major channel incised in Cretaceous shale 
extends southwest to northeast. This channel was mapped by Lemke and 
Colton (1958) as the preglacial course of the ancestral Red River. At 
that time flow was to the north towards Hudson Bay. With the onset of 
glaciation many of the pre-existing drainage channels were shifted 
southward. During deglaoiation, drainage was primarily as ice marginal 
streams and meltwater channels. 
Surficial Geology 
Colton and others (1963) mapped the surficial geology cf North 
Dakota at a scale of 1:500,000 (Figure 3). The entire western part of 
the study area was mapped as ground moraine. Sediments along the Maple 
12 
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River were classified as outwash, inwash, and terrace sediment. 
According to their interpetation, the Maple River originated as a 
proglacial meltwater channel. The eastern third of the area was mapped 
as glacial lake and dune deposits and exposed older till. The Herman 
beach represents the boundary between ground moraine to the west and 
glacial lake sediments to the east. Linear ridges designated as 
transverse ridges extend northwest to southeast in the southwestern part 
of the study area. 
Klausing (1968) mapped the surficial geology of Cass County at a 
scale of approximately 1:126,720 (Figure 4). The western half of the 
map depicts ground moraine with isolated kames and eskers. Outwash 
channels and linear masses of gravel, sand, and silt associated with 
glacial meltwater deposits were identified along the western border of 
the area. The eastern part was interpreted as shore deposits of glacial 
Lake Agassiz. The Herman beach separates the ground moraine from shore 
deposits. The Norcross beach and parts of the Tintah beach were also 
identified in the study area. 
Bluemle (1974) mapped the deposits of Cass County at a scale of 
approximately 1:125,000 (Figure 5). The Maple River and the central 
part of the study area are classified as wave-worn till surfaces (1a). 
The western half of the study area was interpreted as collapsed 
sediments consisting of undifferentiated lake, shore, and glacial 
deposits (3). Sediments in the eastern half of the area were classified 
as collapsed shore deposits (2c), uncollapsed shore deposits (2b), and 
till (1b). The collapsed and uncollapsed shore deposits are separated 
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Figure 5. Surficial geology of the study area (after Bluemle, 1974). 
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The most recent surficial geology map of North Dakota was published 
in 1980 by Clayton and others at a scale of 1:500,000 (Figure 6). 
Whereas the western two-thirds of the area was mapped by Colton and 
others (1963) as ground moraine, Clayton and others (1980, 1980a) 
differentiated these same deposits into four types: 1) collapsed 
supraglacial sediments, 2) draped glacial sediments, 3) proglacial lake 
sediments, and 4) recent river sediments, The draped sediments were 
interpreted to be till deposited over pre-existing glacial topography 
during the last glacial advance in the area. The area bordering the 
Maple River was mapped as either Holocene river deposits or ~roglacial 
lake sediments. The eastern third of the study area was classified as 
_wave-eroded glacial sediment with isolated lag deposits. The Herman 
beach is the boundary between collapsed aupraglacial deposits to the 
west and wave-eroded sediments to the east. Linear ridges were mapped 
in essentially the same locations on both maps by Colton and others 
(1963) and Clayton and others (1980a), Whereas Colton and others {1963) 
refered to these ridges as transverse ridges, Clayton and others {1980a) 
defined these features in more general terms as transverse glacial 
ridges and hummocks. 
This moat recent map is much more detailed than those previously 
discussed, obviously as a result of the large number of studies in North 
Dakota Pleistocene geology since 1963. In addition, the classification 
scheme used by Clayton and others {1980a) is specific as to sediment 
origin, morphology, and composition. 
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Lithostratigraphic units have been identified for Pleistocene 
sediments in several areas of North Dakota. Pleistocene nomenclature 
for North Dakota was summarized by Schnacke (1982). Units are 
distinguished on the basis of texture, lithology, structure, 
stratigraphic position, and radiocarbon dates. The relationship of 
these various stratigraphic units is summarized in Table 1. 
Glacial History 
General 
The chronology of the late Wisconsin glaciation 1n North Dakota was 
best summarized by Moran and others (1976) and Clayton and Moran (1982). 
Both articles use lithostratigraphic and morphologic evidence as well as 
radiocarbon dates from previous studies in the northern Great Plains and 
southern Canada. 
Cass County 
The late Wisconsin glaciation began 30,000 to 20,000 yrs. B.P. At 
this time, glacial ice had reached its maximum extent 1n North Dakota. 
Approximately 1q,ooo yrs. B.P., the Des Moines Lobe or Red River Lobe 
retreated into northeastern North Dakota, exposing the study area 
(Clayton and Moran, 1982). Stagnant ice subsequently covered much of 
the study area; most sediments that were in a supraglacial position were 
lowered during melting of the underlying ice. Vast amounts of meltwater 
from the receding ice margin were ponded, forming proglacial lakes 
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North Dakota (modified after Clayton and others, 1976), 
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Dakota were two such major proglacial lakes (Clayton and Moran, 1982). 
Other minor proglacial lakes, fed by ice-marginal streams, formed along 
the receding ice front and in areas of collapsed glacial sediments. 
Local subsequent advances of the ice margin o~en reworked or completely 
removed evidence of such proglacial deposits. 
Approximately 11,300 yrs. B.P., major retreat of the Red River Lobe 
resulted in the coalescence of pre-existing proglacial lakes, shi~ing 
of spillways from distant proglacial lakes, and ponding of meltwaters at 
the ice margin (Clayton and Moran, 1982). This retreat established 
glacial Lake Agassiz at the pre-Herman level. Lake sediments were 
supplied by the retreating ice front and from rivers flowing off exposed 
highlands to the west. Subsequent advances and recession of the ice 
front occurred during the next 4,500 years, establishing new lake levels 
and reworking previously deposited sediments. Moraines and other 
glacial landforms within the lake plain mark the ice margin positions of 
the Red River Lobe as it receded from North Dakota (Arndt, 1975). 
Approximately 9,500 yrs. B.P., Lake Agassiz drained completely to 
the east through the Lake Superior basin. At this time, the Red River 
re-established itself slightly east of its preglacial location and 




A surficial geology map of the area was constructed using 
topographic maps and aerial photos (Plate 1). Map symbols and 
classifications were adopted from Clayton and others (1980, 1980a). 'I'he 
surficial geology of the study area is divided into five major groups: 
1) collapsed glacial sediment, 2) glacial sediment draped over pre-
existing glaciolacustrine topography, 3) proglacial lake sediments, 4) 
wave-eroded glacial and lake sediments, and 5) recent river sediments. 
Landforms within each of these areas include eskers or other 
longitudinal ridges, abandoned or overfit river channels, transverse 
ridges, ice thrust masses, kettles, and beach features. 
Collapsed Glacial Sediment (Qccg) 
Description 
Collapsed glacial sediment covers the western two-thirds of the 
study area east of the Herman beach (Figure 7). Landform features 
associated with this area include: low relief till-plains, eskers, 
transverse ridges, and abandoned and overfit river channels. 
'I'he low-relief till plain is characterized by hummocky topography 
typical of collapsed till. Local relief is very subtle, ranging from 5 
to 10 feet (1.5 to 3 metres) with slopes averaging from 1 to 2 degrees. 
Elevations range from 1150 to 1250 feet (351 to 381 metres). Drainage 
is not well-integrated due to the collapsed nature of the topography. 
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Figure 7. Collapsed glacial sediment (.Qccg) in the eastern 
half of Lake Township (T .142N., R,55W .) , 
a. Kettle 
b. Transverse ridge 
c. Esker terminus 




(.ASC) air photo 761-21. U. S. 
Page SE Quadrangle (5 foot 
Bar equals 1 mile (1.6 
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Eskers are present throughout the study area. A partioularly well-
developed esker is looated west of Page and extends approximately 9 
miles (14.5 kilometres) from T.143 N., R.55 W., sec, 11 southward to 
T,142 N., R.55 W., sec. 24 (Figure 8). It is fairly continuous and 
ranges in height from 5 to 25 feet (1.5 to 7,6 metres). A more subtle 
esker is visible in T.143 N., R.55 W., secs. 2 and 11, ranging in height 
Crom 5 to 20 feet (1.5 to 6.0 metres) (Figure 9). Numerous 
discontinuous eskers, trending north to south are present throughout the 
Page area, ranging from 1/2 to 1 mile (0,8 to 1,6 kilometres) in length. 
Transverse ridges exist as sub-parallel bands in the west, 
southwest, and central part of the study area. Ridges trend from 
northwest to the southeast and are no greater than 5 feet (1,5 metres) 
in height and 1/4 to 1 mile (0.4 to 1.6 kilometres) in length. 
Abandoned river ohannels are present as subtle terraced valleys, 
Figure 10 is one such well-developed valley in T.142 N., R.54 W., secs. 
30 and 31 to T.141 N., R.54 W,, secs. 6 and 7. The channel is 
approximately 1/2 mile (0,8 kilometres) wide and 4 miles (6,4 
kilometres) long. The valley terraoes measure 5 to 10 feet (1.5 to 3.0 
metres) above the present valley floor. Other ohannels in the study 
area are aligned north-south. 
Overfit stream channels in collapsed sediments are exemplified by 
the valley of the present South Branch of the Goose River (T.143 N., 
R.55 W,, seos. 2, 11, and 14). The stream valley floor is 25 feet (7,5 
metres) below the surrounding topography and is approximately 400 feet 
(122 metres) wide (Figure 11), The present river cannot aooount for the 
valley dimensions, suggesting that at sometime in the past the volume of 
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Figure 8. North-south trending esker west of Page, 
North Dakota (T.l.42N., R,SSW., sec. 11 south 
to T.142N., R.SSW., sec. 24). Esker indicated 
by arrows. ASC air photo 610--22. U.S. 
Geological Survey, Page Quadrangle (5 foot contour 




Figure 9. East-west trending esker north of Page, North 
Dakota and overfit river channel (South Branch of 
the Goose River) (T.143N.; R.SSW., secs. 2 and 11). 
Esker indicated by arrows. 
ASC air photo 762-21. U.S. Geological Survey, Page 
Quadrangle (5 foot contour interval). Bar equals 




Figure 10. Abandoned river channel in collapsed glacial 
sediment (Qccg) (T.142N., R154W., secs. 30 and 
31 to T.141N., R.54W., secs. 6 and 7). ASC 
air photo 656-23. U. s. Geological Survey Page 
SE Quadrangle (5 foot contour interval). Bar 







Figure 11. Underfit stream (Rush River) on the Lake 
Agassiz plain (T.141N., R.53W., secs. 11, 
12 .and 13 to T.141N., R.52W., secs. 18, 20 and 
21). ASC air photo 1336-24. U.S. Geological 
Survey Aye SE Quadrangle (5. foot contour 







the stream was substantially larger. The river is ephemeral and 
designated as marsh in some parts. 
Processes 
Specific landfol"llls are either due to collapse of sediments or the 
reworking of sediments by water. Till lying upon stagnant ice collapses 
as the underlying ice melts, producing hullllllOCky topography. 
Transverse ridges are characteristic landfol"IIIS in this area. 
Bishop (1957) and Swinzow (1964) suggest that they are formed by melt-
out of debris accumulated along thrust or shear planes. Along the ice 
margin, a zone of stagnant ice develops when the ice thins to a point at 
which internal plastic movement no longer exists or is negligible. 
According to Bishop (1957), the critical thickness necessary for plastic 
movement to occur within glacial ice is 220 to 270 feet (67 to 82 
metres). Shear planes develop between the stagnant ice at the ice 
margin and the mobile ice located upglacier. Subglacial debris is 
incorporated into the ice along these shear planes or flowlines and 
carried toward the ice surface under diverging flow. The amount of 
subglacial debris incorporated into the ice increases for as long as the 
relative contact between thin stagnant ice and active ice is stable. 
When the ice mass begins to ablate the contact between stagnant and 
mobile ice migrates upglacier developing a new series of shear planes in 
the ice. As ablation reduces the thickness of the ice margin, 
successive ridges of englacial and supraglacial debris, located along 
shear planes, are deposited transverse to the direction of ice movement. 
Weertman (1962) and Clayton and Moran (1974) argue against the 
shear mechanism of Bishop. (1957) and Swinzow (1964) and propose a heat 
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flow mechanism to explain the erosional processes present at the glacier 
bed• Weertman {1962) suggests that debris cannot be scraped from the 
glacier bed if the glacier bottom is below the freezing point. 
According to Clayton and Moran {1974) Pleistocene glaciers advanced over 
terrain containing permafrost. Therefore, the marginal zones of these 
ice masses were frozen to their beds. Weertman {1962) proposes that 
debris layers are frozen into the ice by freezing of water, derived from 
the ice interior, onto the bottom of the glacier. Clayton and Moran 
(1974, p. 91) present Weertman•s theory as a nprocess-form modeln. 
According to Clayton and Moran (1974), the glacier is frozen to its bed 
near the ice margin where the ice is thinnest. Meltwater from the base 
of the glacier is forced towards the ice margin where it is confined 
since it cannot flow beyond the zone of permafrost. Porewater pressure 
is increased thereby decreasing material strength causing blocks of 
subglacial debris to become detached from the glacier bed. This 
process, in conjunction with diverging flow at the ice margin, results 
in incorporation of frozen subglacial debris into the glacier ice along 
flowlines. The build-up of debris continues until the ice mass becomes 
stagnant and internal flow ceases. Melting of the ice mass exposes the 
debris in the form of transverse debris ridges. Series of transverse 
ridges develop at the contact where ice is frozen to its bed shi~s 
depending on climatic conditions. 
Eskers are ice-contact stratified drift deposited by running water. 
The sediments are, for the most part, locally derived, Eskers may be 
formed in several ways and in several positions relative to the ice mass 
(Flint, 1971). In the study area, eskers are believed to have formed in 
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subglacial tunnels in thin stagnant ice. The evidence fer this is based 
on their well-preserved state, length, and form. Water present from 
surface and basal melting of ice reworks supraglacial and englacial till 
and eventually deposits sediments in subglacial stream channels. With 
melting of the ice mass, fluvial deposits are exposed, appearing as 
continuous longitudinal ridges. Eskers generally parallel the flow 
direction of the most recent glacial advance or retreat. This suggests 
that the most recent flow direction of ice in the area was from the 
north. Eskers controlled by transverse crevasses perpendicular to the 
direction of ice flow are not as well-preserved in the study area. 
Abandoned and overfit river channels, the third landform type in 
this area, were formed by supraglacial meltwater streams, and from 
proglacial and supraglacial lake outlets. With ablation of the ice and 
drainage of lakes, channelized water reworked the till deposits, 
smoothing out the collapsed till topography. In some valleys, smaller 
streams subsequently re-established themselves. In the western part of 
the study area, abandoned and overfit river channels trend north to 
south. Along the Herman beach, underfit streams drain into the Lake 
Agassiz plain to the east reflecting drainage from higher land to the 
west (Figure 12), 
Kettles, the fourth landform in this area, occur in both stratified 
drift and till. Ice may become detached from the main glacier and 
subsequently be buried under stratified drift. In till, kettles may 
form in areas where ice is covered by a variable thickness of of till 
causing differential melting, Melting of buried ice blocks results in 
topographic depressions which may later be filled with water (Figure 7), 
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Figure 12. Underfit streams cutting across the Herman beach 
onto the Lake Agassiz plain (Northwest Empire 
Township). 
a. Herman beach 
b, Lake Agassiz plain 
c. Underfit streams 
d. Area of collapsed glacial sediment (Qccg) 
ASC air photo 654-23. U.S. Geological Survey 
Air Quadrangle (5 foot contour interval). Bar 
equals 1 mile (i.6 milometres). 
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Other similar depressions are the result of non-deposition, erosion by 
wind, or subsidence of sediments. In the study area several kettles are 
associated with eskers, representing the terminal zone of a glacier 
where ice was thin or stagnant. Kettles located within the Lake Agassiz 
basin are the result of differential melting of the underlying stagnant 
ice and buried ice blocks. 
Draped Glacial Sediment (Qcdg, Qcdgt) 
Description 
The east-central part of the study area is characterized by glacial 
sediments veneering pre-existing glaciolacustrine and eolian sediments. 
The deposits cover an area of 16 square miles centering upon T.142 N., 
R.54 w., sec. 13. The area is higher in relief and better drained than 
the surrounding.deposits (Figure 13). The integrated drainage is due to 
the thin till covering easily eroded unconsolidated sands. Elevations 
range from 1125 to 1270 feet (343 to 387 metres). Unique to this draped 
area are thrust features in T.142 N., R.54 w., secs. 13, 24, and 26 
(Figure 14). Thrust features are commonly identified by depressions 
adjacent to topographic highs of similar shape and size. Generally, the 
depressions are on the upglacier side. Overfit and abandoned river 
channels are also present as in other areas. 
Processes 
Sediments of this area represent a slightly modified topographic 
inversion of till and underlying eolian and supraglacial lacustrine 
sediments. Topographic inversion of lake sediments occurred when the 
underlying stagnant ice melted. The sequence of events responsible for 
43 
Figure 13. Draped glacial sediment and thrust features 
(Qcdg. Qcdgt) (Western Erie Township and 
eastern Rich Township). 
a. "Thrust features 
Arrows indicate direction of ice movement 
responsible for thrust features. ASC air photo 
654-23. U. S, Geological survey Ayr Quadrangle 









Figure 14. Thrust features located in draped glacial 
sediment (Qcdgt) (T.142N., R.54W., secs. 
24 and 26) • 
. a. Excavated glacial sediment. 
b. Thrust mass deposited down glacier. 
Arrow indicates direction of ice movement. 
ACS air photo 654-23, U. S. Geological Survey 
Ayr Quadrangle (5 foot contour intervals). 
Bar equals 1 mile (1.6 kilometres). 
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this feature is shown in Figure 15. Readvance of the ice over the lake 
sediments and subsequent deposition of till modified the pre-existing 
topography. Cross-sections A-A' and B-B' display the topographic 
inversion as it appears stratigraphically (Plates 2 and 3). 
Thrust features occur in a limited part of the area of draped 
glacial sediment. The possible mechanisms responsible for large-scale 
block inclusions or thrust features in glacial deposits were reviewed by 
Mathews and Mackay (1960) and Kupsch (1962). 
In general, such ridges are the result of glacier ice moving into 
an area underlain by permafrost. Thrusting of sediments is enhanced 
when changes in groundwater pressure occur upglacier from the permafrost 
zone beneath the ice, thereby effecting changes in shear strength of the 
underlying materials (Clayton and Moran, 1974). The shear strength of 
sediments is directly related to the effective normal stress exerted on 
that material. A decrease in the effective normal stress results in a 
corresponding decrease in the shear strength of the material permitting 
shear failure. Therefore, a relative decrease in the normal stress 
exerted by the overlying sediment or ice and a relative increase in the 
porewater pressure causes a decrease in the shear strength of the 
material. 
Porewater pressure is increased where permeable materials are 
confined by less permeable sediments. Interbedded lacustrine sand, 
clay, and silt within a less permeable till layer are well-suited to 
shear failure by increased pore pressure. Diverging flow within 
thinning ice also decreases the normal stress on sediments thereby 
decreasing their shear strength (Weertman, 1962). 
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Figure 15. Sequence of events resulting in topographic inversion of 
supraglacially-deposited lake sediments (after Clayton and 
Cherry, 1967). 
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In the study area, thrust features are developed in unconsolidated 
lake sediment overlain by till. Two mechanisms, high porewater 
pressures and diverging flow, working in conjuction were probably 
responsible for these thrust features. Confined lake sediments, 
probably saturated, were overridden by thinning glacial ice. Water was 
forced into the permeable sands from cohesive clays and silts. Water 
within permeable layers flowed towards areas of lower head at the ice 
margin where the normal stress was also lower due to ice thinning. The 
pore pressure near the ice margin was increased, due to confinement by 
permafrost, and eventually exceeded the diminished normal stress exerted 
by the overlying ice and sediment, The result was the failure of the 
frozen material in the form of a cohesive block at the ice margin. 
Proglacial Lake Sediment (Qcof) 
Description 
Proglacial lake sediments consist of laminated silts adjacent to 
wave-washed till, are present along the Maple River south of the Great 
Northern Railroad tracks (T,143 N., R.55 w., sec. 33). The area is 
extremely flat, ranging from 1150 to 1155 feet (350.5 to 352 metres) 
above sea level, covering 3 square miles (7.8 square kilometres, Figure 
16A). Beyond the limits of the lake sediments are wave-washed till 
surfaces. Overfit and abandoned river channels are also present. 
Processes 
Lake sediments were deposited in a proglacial lake during 
deglaciation. Source materials were derived from the local till and 
Cretaceous bedrock to the west. 
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Figure 16. A. Proglacial lake plain (Qof) in Lake and 
Rochester Townships. U.S. Geological 
Survey Colgate Quadrangle (5 foot contour 
interval). Bar equals 1 mile (1.6 
kilometres). 
B. Recent river sediments (Qor) of the Maple 
River in R<lchester Township. U.S. 
Geological Survey Colgate Quadrangle (5 





Most sediments are laminated silts and clays, representing fine-
grain offshore deposits. Shore features normally are not well-preserved 
due either to the short life of the lake, fluctuations in outlet levels, 
or to the susceptibility of shore deposits to destruction by mass-
wasting and wave erosion, 
Abandoned river channels lead into the lake plain from the north 
and east. The Maple River, an underfit river, drains the area today as 
it did during the existence of the proglacial lake in the area. 
Wave-eroded Sediment (Qcew) 
Description 
Glacial sediments and glacial Lake Agassiz deposits underlie the 
area east of the Herman beach. The topography is subtle, sloping 12 
feet per mile (2,3 metres per kilometre) to the east (Figure 17). 
Elevations range from 1125 feet (342.9 metres) along the Herman beach, 
decreasing eastward to 1050 feet (320 metres). Specific features within 
the area are the Herman beach, small depressions within the lake plain, 
underfit streams, and strandlines. 
Processes 
The wave-eroded sediment represents the upper lake plain of glacial 
Lake Agassiz. The Herman beach, comprised of sand and gravel, is the 
highest well-preserved beach. Beyond the study area the Herman level is 
often a strandline devoid of beach sediments. Numerous abandoned gravel 
Pits exist along the length of the beach. Abandoned and underfit 
streams cut across the beach, reflecting drainage from the buried ice 
masses to the west into glacial Lake Agassiz (Figure 12). Although the 
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Figure 17. Wave-eroded sediment (Lake Agassiz plain, Qcew) 
in Wheatland Township. ACS air photo 1336-24, 
U. s. Geological Survey Wheatland Quadrangle 
(5 foot contour interval), Bar equals l mile 
(1.6 kilometres}, 
a. Lake Agassiz strandline 
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drainage volume of meltwater streams decreased with the disappearance of 
the ice masses, streams established themselves on the lake plain with 
the drainage of Lake Agassiz. 
Kettles are also present on the wave-eroded lake plain. 
Recent River Sediment (Qor) 
North of the Great Northern Railroad track in T.1~3 N., R.55 w., 
sec. 33, the Maple River is unrestricted and a modern floodplain has 
developed. South of the railroad tracks, however, the river has been 
artificially confined, Because of its confinement, the lower reach of 
the Maple River has not disturbed the proglacial lake sediments, 
Til.e area is flat, with occasional isolated depressions and high 
areas. Elevations range from 1150 to 1180 feet (351 to 360 metres, 




Seven lithostratigraphic units ("A"-"G") are defined within the 
Quaternary sediments of northwestern Cass County. Units "A" through "G" 
were identified from lithologic logs and samples from auger drilling, 
core, and outcrops. Figure 18 is a composite of glacial units in the 
study area. Units "A", "B", and "C" were identified solely through the 
use of North Dakota State Water Commission (NDSWC) lithologic logs. Til.e 
underlying Cretaceous Greenhorn Formation is also described in NDSWC 
lithologic logs. Although glacial Lake Agassiz sediments are present 
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Figure 18. Composite section of lithostratigraphic units in the study 


































east of the Herman beach, specific Lake Agassiz units are not 
differentiated in this study. 
Textural and lithologic data from individual field samples are 
presented in Appendix D. Textural nomenclature is based on the United 
States Department of Agriculture (USDA) soil classification (Figure 19). 
Textural and lithologic compositions are presented in Figures 20 and 21. 
Table 2 summarizes the average and range of textural and lithologic 
compositions for units "B" through "G". 
Units are distinguished on the basis of texture, lithologic 
composition, color, clay mineralogy, matrix calcite-dolomite ratios 
bulk density, and stratigraphic position, Munsell colors (Munsell Soil 
Color Charts, 1973 edition) for each unit are given in parenthesis. 
Units are discussed in ascending stratigraphic position. 
Unit "A" 
Texturally, unit "A" is a poorly sorted, pebbly, silty loam 
(till). The sediment is olive-gray and highly calcareous. Gravel-size 
coal fragments and shale pebbles are present throughout. 
Unit "A" unconformably overlies the Greenhorn Formation and extends 
laterally throughout the study area. A gravel layer located at the top 
of unit "A" possibly represents an outwash deposit derived from the till 
of unit "A". The entire unit is unconformably overlain by unit "B". 
The sediment of unit "A" is interpreted as till. 
Unit "B" 
Unit "B" is composed of clayey, sandy silt with interbedded sand 
lenses. Gray, olive-gray, to greenish-gray in color, the sediments are 
, 
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Figure 19. United States Department of Agriculture (USDA) textural 
nomenclature chart. Classification is based on sand, 
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Figure 21. Ternary plot of coarse-sand lithologic data for units 
n:rt and 0 Gff. 
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Table 2. ,TEXTURE, COARSE SAND LITHOLOGY, AND MATRIX CALCITE-DOLOMITE RATIOS 
OF LITHOSTRAPHIGRAPHlC UNITS 
(MEANS AND RANGES) 
All values represent percentage of total sample. 
Textural and lithologic ranges in parenthesis. 
n.a. Sample not available for analysis, 
n.d. core sample not available for matrix analysis. 
Texture Lithologz Matrix Unit Sand Silt Clay Crystln. Carbonate Shale Lignite Calcite-
Dolomite Ratios 
G 37.8 40.5 21.6 39.3 21.8 38.8 0.1 0.48 
{0.1-92.9) (7.4-72.4) (5, 7-31. 2) (24.66) (12-36) (1-63) (0-1) 
F 66.2 25,6 8.0 17.3 7.3 71.3 4.1 0.40 "' (23.2-97.4) (1.0-68.4) (2.7-20.7) (0-37) "' (0-15) (49-100) (0-10) 
E 6.8 79,2 12.8 16.5 12.5 70.5 0.5 0.38 
(1.3-19.6) (65.0-89.6) (0.7-24,9) (12-21) (7-18) (60-81) (0-1) 
D 28.5 49.1 19.3 20.9. 15.4 63,2 0.4 0.60 
(1.5-66.0 (33.1-78.5) ( 10. 0-30. 7) (4-40) (0-32) (34-95) (0-3) 
C 75.0 21. 7 8.2 26,5 9.5 60.0 0.0 0.46 
(37.5-96.3) (1.0-42.2) (2. 7-20, 2) (10-45) (3-23) (32-82) ( 0 ) 
ll 15.8 63.4 20. 7 17.0 11.3 70.2 1.3 n.d .. 
(9,9-40,8) (38. 5-71.5) (16. 7-24, 9) (6-33) (6-16) (53-88) (0-10) 
A n.a. n.a. n.a. n .a. n.a. n.a. n.a. n.a. 
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friable, laminated, and highly calcareous. Coarse sand grains are 
mostly shale fragments. Granular lignite rragments are also present 
( Table 2). 
Thickness of the unit ranges rrom 12 to 220 feet ( 3 .1 to 67 metres) 
with an average thickness of 95 feet (29 metres). The unit extends 
laterally throughout the study area. 
Unit "B" unconformably overlies unit "A" and is conformably 
overlain by unit "C". Whereas the contact between unit "B" and unit "A" 
is sharp, the contact between unit "B" and the overlying unit "C" is 
gradational. 
Unit •B" represents near- to off-shore lacustrine sediments 
deposited in a proglacial lake setting. Interbedded sand and gravel 
lenses represent deposits of wave-washed till. 
Unit "C" 
The sediment of unit "C" is a well-sorted, silty sand with 
interbedded sandy clay lenses. Sand grains are fine to medium size and 
are well-rounded. Lithologic composition of the coarse sand fraction is 
predominantly shale and quartz grains with minor carbonate and lignite 
fragments (Table 2). Lignite granules are concentrated near the base of 
the unit. The unit is olive-gray to gray (10YR 6/1). Faulted, finely 
laminated sands are visible in core samples (Figure 22). 
The unit ranges in thickness from 12 to 82 feet (3.7 to 25 metres) 
averaging 44 feet (13.4 metres) thick. Unit •c• is present throughout 
the Page area and extends beyond the study boundaries. 
Unit "C" conformably overlies unit "B" and is unconformably 




Figure 22. Unit C from core SF-8 showing finely 
laminated sand. (T.143N., R.54W., sec. 
7mh$Wl,;SW1,;). Depth of sample: 41 '6". 
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Sediments of unit •c• represent well-sorted near-shore lacustrine 
sediments deposited during the formation and drainage of a proglacial 
lake. 
Unit •D• 
Unit "D" is a silty loam (till) (Figures 20 and 23). Table 2 
summarizes the average and range of textural composition for this unit. 
Small shale and carbonate pebbles are scattered throughout the unit. 
Averages and ranges of lithologic composition are given in Table 2. 
Lithologic compositions for each sample are shown in Figure 21. Shale 
and crystalline rock fragments comprise the majority of the total 
coarse-grain sand lithology. Lignite fragments are also characteristic 
of unit "D" and differentiate it from unit "G" in lithologic logs. The 
sediments are gray (10YR 6/1) when dry and bluish-gray when wet. In 
addition, the material shows little or no oxidation, and is highly 
calcareous and friable. The unit is well-compacted, having an average 
bulk density of 2.37 gm/cc. 
Unit "D" exhibits no observable structure in core. It is 
relatively homogeneous except at the base where underlying sand from 
unit •c• has been incorporated. 
The calcite-dolomite matrix composition of this unit is shown in 
Tables 2 and 3. Within the unit, calcite content decreases from top to 
bottom, whereas dolomite content increases. 
The clays of unit "D" include montmorillonite (55.3%), illite 
(31.1%), and chlorite and kaolinite (13.6%) (Table 4). 
The thickness of the unit ranges from 8 to 80 feet (2.4 to 24.4 
metres), averaging 38 feet (11.6 metres). The unit is present 
throughout the study area. 
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Figure 23. Unit D from core SF-8 exhibiting silty loam 
texture, Note the absence of large clasts. 
(T.143N., R.54W., sec, 7NW!,;SW~SW1,;). Depth 
, of sample: 23'6" to 24'. 
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Unit •n• unconformably overlies unit •c• and has incorporated some 
of the sediment from unit "C". Unit •n• is unconfoMDably overlain by 
Units "E", "F", or "G" in various parts of the study area. 
Unit "D" can be distinguished from till unit "G" by its siltier 
loam texture, higher percentage of shale fragments, presence of lignite 
fragments, and relatively homogeneous texture. Unit "D" probably 
represents a lodgement till. 
On the basis of shale content and stratigraphic position this unit 
is probably equivalent to the upper member of the Gardar FoMDation 
described by Hobbs (1975). 
Unit "E" 
Unit "E" is a moderately well-sorted silt to silty loam (Figure 
24). Table 2 summarizes the average and range of texture data for the 
unit. The size distribution for each sample from unit "E" is shown in 
Figure 20. Lithologic composition is summarized in Table 2. Unit "E" 
is best characterized by a silt percentage greater than 65% and a shale 
composition of greater than 60%. Lignite granules are also present. 
Color of the sediment ranges from white (2.5Y 8/0), yellow (2.5Y 
7/6), light gray (2.5Y 7/0), to strong brown (7.5YR 5/6). The color 
variations are due to the presence of alternating layers of oxidized and 
reduced silts and clays. The sediments are generally friable and 
calcareous. Laminae range in thickness from 1/4 to 1 inch (6mm to 25 
mm), are highly contorted and faulted, and dip 25 to 30 degrees to the 
northeast. The presence of rip-up features and the steep angle of beds 
suggests that the unit is no longer in the original position of 
deposition but has been subsequently disturbed by collapse and 
overriding of the lake sediments by glacial ice. 
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Figure 24. Unit E from outcrop (OC-2, T.142N., R.53W., 
sec. 19SW~SW~SW~) showing laminated lake silt 
and clay. 
a. Truncated laminae 
h. Contact with unit F 
Laminations are alternatively oxidized and reduced, 
Laminations dip 25 to 30 degrees to the northeast 




Unit "E" is fairly thin, averaging 6 feet (1,8 metres) in 
exposures. NDSWC lithologic logs generally fail to note this unit 
because it is so thin. In outcrop, unit "E" unconformably overlies the 
till of unit "D" and conformably underlies unit "F". There is a sharp 
contact between unit "E" and unit "F". The best exposure of both units 
occurs in a gully in the eastern part of the study area. Unit "E" is 
restricted primarily to the east-central part of the study area. Units 
"E" and "F" generally occur together and form the upper part of the Page 
aquifer. 
Unit "E" consists of offshore lacustrine sediments deposited in a 
supraglacial lake. 
Unit "F" 
As with unit "E", unit "F" was described from exposures and auger 
samples. The sediments have a well-sorted, sand, loamy sand to sandy 
loam texture with fine to medium sands predominating (Figure 20). 
Interbedded lenses of poorly sorted gravel are also present. The 
averages and ranges of textural and lithologic composition are listed in 
Table 2. The very-coarse sand composition is mostly shale fragments. 
Lignite is also conspicuous throughout the unit. Texturally, the unit 
coarsens downward. Sediments are light gray (2.5Y 7/0) when dry and 
bluish-gray when wet. 
Fine laminae of light and dark sand grains are present throughout 
the unit and are locally cross-stratified (Figure 25). Laminae dip 25 
to 30 degrees to the north and exhibit small-scale faulting suggesting 
post-depositional deformation of the unit. Evidence of oxidation is 
present along laminae. The carbonate matrix is characterized as 
prioia.rily dolomitic (Table 2). 
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Figure 25. Unit F from outcrop (OC-2, T.142N., R.53W., 
sec. 19SW~W'-4SW~) showing finely laminated 
sand. Laminations drip 25 to 30 degrees 
to the northeast (Left side of photo). Unit G 
overlies the sand. camera cap is 2 1/5 inches 
(55 mm) across. 
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'lbe thickness of unit "F" varies from 2 to 78 feet (0.6 to 23.8 
metres), averaging 30 feet (9.1 metres). Toe maximum thickness of the 
sand unit is in the east-central part of the area, thinning in all 
directions outward. Unit "F" has a limited lateral extent and is 
truncated by the Herman beach to the east. Located within the upper 
part of unit "F" is a discontinuous, well-sorted silt layer, very pale 
brown (10YR 8/3), homogeneous, and non-stratified. '.Ibis layer is often 
separated from the underlying sand of unit "F" by a gravel layer 
representing an erosional surface. 
Unit "F" conformably overlies silt unit •E• and is unconformably 
overlain by unit "0". Units "F" and "E" were deformed 
penecontemporaneously before the deposition of unit "G". Unit "F" 
represents beach and near-shore sediments deposited in the same 
supraglacial lake environment as unit "E". Interbedded gravel lenses 
were probably derived from erosion of local till. Wave activity and 
meltwater streams erode and sort till exposures at the lake margin 
leaving gravel lag deposits in and around the lake shore. The upper 
silt layer is interpreted to be loess. 
Unit "G" 
Unit "G" was divided into two subunits, upper and lower, based on 
texture, coarse sand and matrix calcite-dolomite composition, and 
density (Figures 26 and 27). The upper subunit of unit "G" is a poorly 
sorted pebbly loam (till) (Figure 20). Averages and ranges in textural 
composition are shown in Table 2. Numerous well-sorted sand and silty 
clay lenses are scattered throughout the upper subunit. Coarse sand 
lithology is dominated by fairly equal amounts of crystalline and shale 
Figure 26. Lower subunit of 
(T".143., R. 54W, , 
exhibiting sandy 
Depth of sample: 
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unit G from core SF-8 
sec. 7NW~SWl,;SWl,;) 




Figure 27. Upper subunit of unit G from core SF-8 
(T.143N., R.54W., sec. 7NW~SW~SW'~) exhibiting 
pebbly, sandy loam texture. Large clasts 
are present throughout the unit. The unit 
is heavily oxidized and has variable texture. 
Depth of sample: 22'0" 
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rock fragments (Table 2 and Figure 21), The lignite content is 
negligible in the coarse sand fraction. Pebbles are angular and consist 
of igneous and metamorphic rock fragments with some shale and carbonate 
fragments. 
The unit ranges from pale-yellow (2,5Y 7/4), light-yellowish 
-brown, to light-brownish-gray (2.5Y 6/2). Oxidation is so intense in 
some parts that weathering rinds have formed around pebbles. 
The carbonate matrix of the unit is predominantly dolomitic, with 
calcite content decreasing downward throughout the unit, The prevalent 
clay mineralogy is montmorillonite (68,9j), followed by chlorite and 
kaolinite (14.4j), and illite (16.Sj), With increasing depth, illite 
percentages decrease but chlorite, kaolinite, and montmorillonite 
percentages increase, 
The sediments are granular and display moderate compaction. 
Average bulk density measured for the upper subunit of unit "Gn is 1.64 
gm/cc. 
The lower subunit of unit "Gn is identified from core as a compact 
silty loam (till), Few small pebbles and no large clasts are present, 
distinguishing it from the upper coarser part of unit non. The lower 
part is light gray (2.5Y 7/2) and exhibits no iron-oxide staining. It 
has a bulk density of 2.20 gm/cc. In core, this lower subunit is 2 1/2 
feet (0.7 metres) thick. 
Thickness of the total unit varies from 7 to 60 feet (2.1 to 18.3 
metres), averaging 23 feet (7.0 metres). Unit "G" extends throughout 
the western two-thirds of the study area. The unit is missing east of 
the Herman beach and is presumed to have been eroded by wave action. 
Unit "G" unconformably overlies unit "F". 
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Based on its variable texture, non-compact character, and the 
presence of fluvial and collapsed surficial features within the unit the 
upper part of unit "G" is interpreted as an ablation till. The lower 
subunit of unit "G" probably is the corresponding lodgement or basal 
melt-out till accompanying the overlying ablation till. 
Unit "G" is probably equivalent to the Dahlen Formation of Hobbs 
(1975), based on lithology, stratigraphic position, and texture. 
Lake Agassiz Deposits 
Lake Agassiz deposits are present in only one NDSWC lithologic log 
(NDSWC 3130). Lake sediments are described as silt or silty clay. 
Scattered lignite granules and sand size fragments are present. 
Sediments range from grayish-orange to dark greenish-gray and are highly 
calcareous. The deposits are laminated, displaying alternating oxidized 
and reduced zones. Laminae range from 1/8 to 2 inches (3 to 50 mm) 
thick and dip 15-20 degrees to the northeast. In exposures along the 
Herman beach, lake and beach sediments are faulted and folded, 
suggesting penecontemporaneous deformation by collapsing of underlying 
ice. In the study area, Lake Agassiz deposits unconformably overlie 
unit "G", 
The Herman beach marks the boundary between glacial till deposits 
of unit "G" to the west and Lake Agassiz deposits to the east. Herman 
beach sediments are composed of well-sorted fine to medium size sand, 
almost identical to unit "F". Lignite and shale fragments are common. 
Beach sediments are light gray (2.5Y 7/0) and finely laminated. A more 
detailed description of Lake Agassiz sediments is in Camara (1977). 
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Differentiation of Till Units 
Studies differentiating ablation till from lodgement or basal melt-
out till have o~en relied on the fabric and structure of the sediment 
to determine the genesis of the. till, Studies by Denny (1940), White 
(19q7) and Drake (1971) described two till sequences in New England 
which could have originated as either ablation or lodgement till of the 
same or different glacial advances or else represent a weathered till 
profile. These studies relied on till fabric, structure, and texture to 
determine the true origin of the till sequences. In this study, it was 
impossible to obtain oriented till samples from which the fabric and 
structure of each till could be observed. Sediments that had been 
described as undifferentiated till (Klausing, 1968) were divided into 
separate units on the basis of color, texture, lithology, matrix 
calcite-dolomite composition, clay mineralogy, bulk density, and 
stratigraphic position. 
Unit "D", the lower till, is a light gray silty loam with a 
homogeneous texture. Unit "G", the upper till, is a light yellowish-
brown oxidized pebbly loam containing several sand lenses, Three 
possibilities for the origin of the upper till are 1) an oxidized 
zone developed from the lower till material, 2) an ablation till 
developed on stagnant ice overlying a lodgement till deposited during 
the same glacial event, or 3) a separate till produced by a glacial 
readvance {Drake, 1971). The various possible interpretations are 
assessed on the basis of the basis of the characteristics of the two 
units. 
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Vertical variations within core samples of texture, coarse sand 
lithology, matrix calcite and dolomite composition, clay mineralogy and 
bulk density are presented in Figures 28, 29, 30, 33, 35, and 36. 
Results of analyses of core samples, from which profiles were 
constructed, are listed in Tables 3 and 4. Cross-sections were also 
constructed (Plates 2, 3, and 4). 
Texture and Coarse Sand Lithology - Statistical Results 
Figures 28, 29, and 30 represent core analyses of textural data and 
coarse sand lithology. On the basis of these parameters distinction 
between units "D" and "G" is not readily apparent. To compare till 
units on the basis of texture and lithology, cluster analysis was 
performed using the data in Appendix D. Textural data for the very 
coarse sand, fine to medium sand, silt, and clay percentages were used 
to generate the dendrogram in Figure 31, Lithologic data of 
crystalline, carbonate, shale, and lignite fragment percentages were 
analyzed separately from textural data and used to generate the 
dendrogram in Figure 32. The specific and general textural and 
lithologic characteristics of each cluster were determined for each 
dendrogram. 
Textural cluster analysis to differentiate units "D" and"G" is not 
as useful as lithologic cluster analysis. Unit "G" samples are 
Positioned in clusters 1 and 2 characterized by a sandy loam texture, 
whereas unit "D" is characterized by a silty loam texture in cluster 3, 
Unit "G" samples are also included in clusters 3, JJ, and 5 reflecting 
variable texture. Units "E" and "F" are included in clusters lJ and 5 
typical of silt and sand textures. 
Table 3. TEXTURAL AND LITHOLOGIC DATA OF CORE SAMPLES 
(SF-8 Location: T .143N. ,R.54W., Sec. 7 NW\S\;ll,;SWl>i;) 
All values represent percentage of total sample. 
Sample Texture 
Lithologr Coarse-sand Carb. Comp. 
Number Depth Sand Silt Clay Crystln. Carbonate Shale Lignite Calcite Dolomite 
l l'OH 36.2 39.6 22. 2 37 23 40 0 30 70 
2 3'9" 38. 3 37.9 23.8 40 24 36 0 60 40 
3 8 I 611 37.0 40.2 22.8 38 19 42 1 50 50 
4 .10'4" 46.1 35. 9 18.0 29 16 55 0 70 30 
5 12'3" 39.4 37.7 22.9 34 16 50 0 56 44 cc 
6 13'0" 37.1 37.9 25.0 34 18 48 0 36 64 
cc 
7 17'6" 37.9 38.5 23.6 28 34 38 0 21 79 
8 21'6" 3.0 72 .4 24.6 32 23 45 0 56 44 
9 22'0" 35.5 38.4 26.1 33 18 48 1 52 48 
10 23'0" 32.9 38.5 28.6 24 19 57 0 44 56 
11 27'0" 33. 6 41.2 25.2 32 21 47 0 52 48 
12 30'0" 38.l 37.6 24.3 20 13 67 0 40 60 
13 30'6" 76.S 14.7 8.8 18 9 73 0 
14 38 'O" 1.3 85.0 13.7 
15 42 1 011 18.9 70 ,6 10.5 
Table 4. MATRIX CALCITE-DOLOMITE RATIOS, CLAY MINERALOGY , AND DENSITY DATA FOR CORE SAMPLES 
All values represent percentage of total sample. Density values in gm/cc. 
Matrix Clay Mineralogy 
Sample Calcite-Dolomite 
Number Depth Ratios Montmorillonite Kaolinite and Chlorite Illite Density 
gm/cc 
1 l' 0 11 
2 3'9" - 70 15 15 
2a 7' O" o. 71 - - - 1.41 
3a 9 'O" 0.50 - - - 1.63 
5 12' 3" 0.38 - - - 1.48 
6 13' O" - - - - 1.79 
.,, .,, 
7 l7 I 611 0.31 
7a 20' 0" - - - - 1.89 
7b 21' 0" - - - - 1. 70 
8 21' 6" o.n 70 19 11 2.24 
9a 22'6" - - - - 2 .45 
10 23' 0" o. 10 55 15 30 2.00 
10a 24'0" 0,62 
11 27'0" 0.65 57 13 30 
12 30 'O" 0.34 - - - 2 .35 
14 38 'O" 0.34 79 13 8 2. 80 
15 42'0" 0.46 76 13 11 
90 
Figure 28. Vertical variation in textural percentages of core SF-8 
(T .143N., R, 54W., sec. 7NW!,;SW\SW!t;) • 
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Figure 29. Vertical variations in coarse-sand lithologic composition of 
core SF-8 (T.143N., R.54W., sec. 7~Wlt;SW~). 
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Figure 30. Vertical variations in coarse-sand carbonate percentages 

























Figure 31. De.ndrogram representing cluster analysis 
of textural percentages of samples. 
Cluster Predominant Texture 
1 Sandy loam 
2 Sandy to silty loam 
3 Silty loam 
4 Sandy silty· loam 
5 Sand to silt 
-•· . .. 
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Figure 32. Dendrogram representing cluster analysis of 
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The textural distinction between units "D" and "G" is more obvious 
in the granule and pebble range and by the presence of sand lenses in 
unit "G". Unit "G" contains numerous pebbles ranging in size from 1 /3 
to 2 1/2 inches (8 to 64 mm) across. Granule size fragments also make 
up 3.7J of the total unit. In addition, unit "G" has a higher sand 
content due to the presence of sand lenses throughout the unit. Sand 
lenses are a commmon characteristic of ablation tills due to the 
reworking of till and the washing of fines by supraglacial streams. The 
lower part of unit "G" (21 1/2 to 23 feet, 6.6 to 7.0 metres) differs 
somewhat from the rest of the unit by the notable absence of pebbles and 
a more homogeneous texture. This lower part resembles a lodgement or 
basal melt-out till. 
By comparison, unit "D" has fewer pebbles than the upper subunit of 
unit "G". Sizes range from 1/3 to 1/2 inch (8.0 to 12.7 mm) across. 
Texturally, unit "D" has a higher granule size fraction, accounting for 
5.2% of the total sample size. Unit "D" is more homogeneous texturally 
than the upper part of unit "G" and contains no isolated sand lenses. 
Unit 11 D11 is believed to be a lodgement till. Textural evidence supports 
the two-till theory as opposed to the presence of a single weathered 
till profile. 
Distinction between units "D" and "G" is most apparent in the 
lithologic dendrogram. Unit "G" samples included in clusters 1 and 2 
are characterized by high carbonate and crystalline content with 
moderate amounts of shale. Lignite fragments are extremely rare. Unit 
"D" samples center about clusters 1 and 4, characterized as having high 
shale content and minor lignite. Cluster 1 contains samples from both 
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units. Samples from units ''B" and "C", having no coarse sand grains, 
are concentrated in cluster 4. 
Distinct differences in lithologies between sediments suggest 
different provenances for units "D" and "G". Provenance of a sediment 
is controlled by the erodibility and type of bedrock exposed upglacier, 
durability of fragments in transport, and the direction and distance of 
transport (Flint, 1971). Based on coarse sand lithology, the tills have 
distinct lithologies suggesting different source areas for each till 
unit. This also supports the theory of two separate till units as 
opposed to one weathered till profile. 
Matrix Calcite-Dolomite Composition 
The matrix calcite-dolomite composition was examined to determine 
whether a weathering profile or two till units could be detected based 
en carbonate distribution. The rate of carbonate buildup in a weathered 
profile primarily depends upon the composition of the parent material 
and the rate of leaching in the soil. The calcite may come from mineral 
weathering, the original parent material, or be introduced from an 
outside source by groundwater or wind. With leaching, carbonate 
materials tend to be dissolved in the upper profile and be deposited 
farther down. Increased carbon dioxide pressure and lower pH values in 
the upper part of the soil profile increase the solubility of calcium 
carbonate. Downward moving water, saturated with respect to calcium, 
precipitates calcium carbonate at depth due to decreased carbon dioxide 
pressure and increasing pH. An increase should occur in calcite with 
depth; dolomite content may or may not increase due to its lower 
solubility (Birkeland, 1974). 
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The calcite composition, as found in core samples, actually 
decreases with increasing depth through unit "G" as shown in Table 4 and 
Figure 33. At 21 1/2 feet (6.6 metres), the proposed contact between 
the upper and lower part of unit "G", a sharp increase in calcite 
content is noted. Calcite content then continues to decrease down 
through unit "D", 
The distribution of calcite with depth and the sharp break at 21 
1/2 feet (6.6 metres) is not what would be expected in a typical 
weathering profile. The distribution of calcite within units "D" and 
11G11 might lie in the difference between the original compositions of the 
tills as sugested by comparison of the profiles of matrix and coarse 
sand carbonate compositions (Figures 30 and 33), Comparison reveals 
similar distribution of calcite and dolomite in the till matrix as well 
as in the coars,e sand fraction. This suggests that the distribution of 
matrix calcite and dolomite reflects different parent lithologies and 
not a weathered till profile. Steiger and Holowaychuk (1971) and 
Dreimanis and Vagners (1971) also determined that carbonate content in 
till deposits is distributed bimodally between the coarse sand fraction 
or clast-mode and the clay fraction. The coarse sand fraction reflects 
the original source area while the clay fraction depends on the original 
size of mineral grains in the parent material and the resistance of the 
mineral to weathering. In addition to differences in lithology between 
the units, the process of evaporation of groundwater and subsequent 
precipitation of carbonates near the surface could contribute to the 
distribution of matrix carbonate. This process could form a layer of 
caliche near the surface when each unit was exposed a~er deposition. 




Figure 33. Vertical variations in matrix calcite-dolomite percentages 
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In core samples and some auger samples, gypsum crystal were found near 
the surface of the upper subunit of unit "G" as a resu t of the upward 
movement of groundwater and subsequent precipitation o carbonates. 
This supports the two-till theory as well as the prese e of an upper 
and lower subunit within unit "G". 
Clay Mineralogy 
Clays were examined to test whether there was a we thered till or a 
two-till profile. Parent rnaterial, groundwater chemist y and climate 
have the greatest affect on clay-mineral variations. A typical profile 
in which leaching has been active produces stable clay inerals 
(montmorillonite) with less stable clay minerals (kaoli ite, chlorite, 
and illite) present at depth. A transition sequence of clay-mineral 
reactions and relative stabilities is shown in Figure 3 (Birkeland, 
1974). 
Because units "D" and "G" have such distinct coars 
lithologies some affect on the clay mineralogy is 
commonly has a high percentage of shale fragments 
has a higher percentage of crystalline and carbonate 
Unit "D" 
t "G" typically 
ents. Illite 
is generally the weathered product of shales whereas mon morillonite, 
kaolinite, and chlorite are the weathered products of al ered feldspars 
in rocks low in silica (Birkeland, 1974; Wilding and oth'rs, 1971). 
The clay mineral composition changes abruptly at 21 1/2 feet (6,6 
metres) with an increase in 1llite and a decrease in chl rite, 
kaolinite, and montmorillonite (Figure 35). This break orresponds to 
lithologic and other compositional changes between units "D" and "G". 
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Vertical variations in clay mineral compo 
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continuous weathered profile but rather the change in gross lithology of 
the sediments between two distinct till units. 
Bulk Density 
The degree of compaction in till varies depending on the grain size 
distribution, physical settling, cementation, pressure of overlying 
glacial ice, and dewatering (Flint, 1971). Ablation tills are generally 
friable and less dense, whereas lodgement tills are generally fissile 
and very compact. Bulk density studies of Iowa tills by Kemmis and 
others (1981) show supraglacial deposits to range in density from 1.4~ 
to 1,85 gm/cc averaging 1.62 gm/cc. Basal till densities range from 
1.69 to 2.09 gm/cc with a mean value of 1.89 gm/cc. Bulk density 
measurements taken of core samples show a distinct break at the contact 
of the upper and lower subunits of unit "G" and unit "D" corresponding 
to changes in texture, lithology, matrix calcite-dolomite composition, 
and clay mineralogy. Distinct breaks in bulk density measurements are 
shown in Figure 36 and Table 4 at depths of 21 1/2 feet (6.6 metres) and 
23 feet (6.9 metres). 
Unit "D" has an average bulk density of 2.37 gm/cc. High densities 
are characteristic of well-compacted, homogeneous lodgement tills. The 
upper part of unit "G" is characterized by a lower average bulk density 
of 1,57 gm/cc in which sediments are loose and nonfisaile. Because of 
its variable textural character and compaction, th~ upper part of unit 
"G" is believed to be an ablation till. The lower part of unit "G" (21 
1/2 to 23 feet, 6.6 to 7.0 metres) is somewhat denser than the upper 
part of the unit. The average bulk density of this lower part is 
approximately 2.08 gm/cc. Because of its compact nature and homogeneous 
ill 
Figure 36. Vertical variations in density for core SF-8. 
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texture, this lower part of unit "G" is classified as a lodgement till. 
Density measurements further support the two-till theory as opposed to 
the presence of a single weathered till, 
Stratigraphic Evidence 
Study of cross-sections A-A' and B-B' (Plates 2 and 3) show the 
lower and upper tills (Units "D" and "G") to be stratigraphically 
separated in the area of draped glacial sediments by substantial sand 
and silt deposits (Units "E" and "F"). Deposits within units "E" and 
"F" have heen identified as lacustrine in origin; a totally different 
depositional environment than that in which tills would have been 
deposited. Therefore, the lower and upper till (Units "D" and "G") are 
two separate tills deposited from two distinct glacial events. This 
theory is further substantiated by the lithological evidence already 
presented. Even though the tills are shown to be stratigraphically 
adjacent in cross-section C-C• (Plate 4), the possibility of these tills 
representing a weathered profile or two tills deposited by the same 
glacial event is refuted by the stratigraphic evidence seen in cross-
sections A-A' and B-B' (Plates 2 and 3). 
Summary 
Lab analysis and stratigraphic relationships support the conclusion 
that the lower and upper till ( Units "D" and "G") represent two distinct 
till units deposited by two separate glacial events. It is unlikely 
that a single ice sheet or weathering profile would produce the distinct 
variations in texture, lithology, clay mineralogy, matrix calcite-
dolomite composition, and bulk density within a single till unit. 
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Unit "D" is compact, hard, fissile, and finer in texture than the 
overlying till unit "G". The structure of unit "D" is massive with only 
minor amounts of water-lain sediments present in the form of silt 
lenses. All these characteristics are typical of a lodgement till 
deposited subglacially during advance of an ice mass through the area. 
The upper part of unit "G" is poorly sorted, loose, and coarser in 
texture than the underlying unit "D". Unit "G" is also much thinner 
than unit "D". Fluvial deposits of reworked till are interbedded 
throughout the upper part of the unit in the fol"1!l of well-sorted sand 
and gravel lenses. Numerous angular pebbles are also present. 
Oxidation in this upper permeable till is prevalent due to groundwater 
activity. The lower part of unit "G" is much more compact, not 
oxidized, lacks pebbles and is texturally more homogeneous than the 
upper part of unit "G". The upper part of unit "G" is typical of a 
superglacial ablation till deposited during recession and wastage of the 
last ice mass through the study area. The lower part of unit "G", then, 
represents a lodgement or basal melt-out till deposited during the same 
glacial event as the upper part of the unit. 
Late Wisconsinan Glacial History 
Clayton and Moran (1982) proposed a chronology of late Wisconsinan 
glacial events for middle North America, from Alberta to Wisconsin, 
based solely on radiocarbon dated wood. Eleven phases (D-N), or ice 
margin positions, of late Wisconsinan glaciation were identified within 
North Dakota (Figures 37 and 38). Any reference to dates mentioned in 
this discussion are based on wood radiocarbon dates ascribed by Clayton 
and Moran (1982) to specific ice margin positions. 
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Figure 37. Time-distance diagralll showing glacial advances in North 
Dakota during the Late Wisconsinan. Letters refer to 
ice margin positions or phases shown in Figure 38. 
Vertical ruling indicates the time during which Lake 
Agassiz was present in the mid-continent (after Clayton 
and Moran, 1982). 
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Figure 38. Late Wisconsinan glacial phases or ice margin positions in 









The beginning of the late Wisconsinan is dated at approximately 
20,000 yrs. B.P. Margin D and E outlines the limit of late Wisconsinan 
glaciation in North Dakota. Sediments were deposited on stagnant ice as 
wastage of the ice mass occurred. Eventually, by 15,000 yrs. B.P., all 
the stagnant ice had melted causing collapse of all superglacial 
sediment. Approximately 500 years later (14,500 yrs B.P.), the ice 
margin became active again. Approximately 14,000 yrs. B.P. the Des 
Moines Lobe reached its maximum extending to southern South Dakota and 
central Iowa. Phases E through H ( 14, 500 to 13, 500 yrs. a·. P. ) were 
characterized by a series of rapid advances and recessions of the ice 
margin into North Dakota, South Dakota, Minnesota and Wisconsin. Ice 
advances were generally from the north and northwest (Clayton and Moran, 
1982). Periods of stagnating ice separated the various advances and 
recessions. 
The study area is located between margins J and L. 
Lithostratigraphic units designated as "B" through "G" were deposited 
during phases I through K (12,300 to 11,700 yrs. B.P,). 
Unit "A" represents undifferentiated tills deposited sometime after 
the onset of glaciation in North Dakota up to phase I (12,300 yrs. 
B.P.). A~er a period of stagnation during phase H, the ice advanced to 
margin I, and subsequently receded into northeastern North Dakota. For 
a period of 500 years no readvance of the ice margin occurred. During 
this time, meltwater from proglacial lakes in Canada and from the Souris 
Lobe drained into the James River channel forming proglacial Lake Dakota 
south of the study area (Clayton and Moran, 1982). The existence of 
other proglacial lakes located along the receding ice margin is 
l 
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supported by the presence of ·extensive lake sediments overlying till in 
the study area. Units "B" and "C" represent near- and off-shore 
deposits of a proglacial lake formed from 12,300 to 11,900 yrs. B.P. 
Drainage of the proglacial lake was probably southward into Lake Dakota. 
Reworked exposed till was probably the sediment source for lake 
deposits. 
Readvance of the ice margin from the north and northwest during 
phase J (11,900) overrode the proglacial lake sediments, depositing unit 
"D" as lodgement till. The western margin of phase J is the Kensal 
moraine which also marks the western extent of the Dahlen Formation 
(Hobbs, 1975; Moran and others, 1976}. Unit "D" is probably equivalent 
to the Gardar Formation based on stratigraphic position, high shale 
content and the presence of lignite fragments. The source areas for 
much or this unit were exposed Cretaceous shales to the west and 
Paleocene lignites of the Turtle Mountains. 
A minor wastage ensued during which time stagnant ice covered much 
of the study area. Features commonly associated with stagnant ice have, 
for the most part, been obliterated by the readvance of the ice margin 
over the deposits. One feature preserved in the stratigraphic record is 
an isolated supraglacial lake sequence. Units "E" and "F" represent a 
prograding lake sequence formed in and on stagnant ice during this 
phase. Unit "E" is comprised of deeper water silts; unit "F" represents 
overlying prograding near-shore and beach sands. Eolian deposits are 
ass.ociated with the beach sands suggesting that the lake existed long 
enough for beach and possibly dune development, Lake sediments were 
most likely derived from exposed till or unit "D". Eventually, the lake 
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drained to the south and southeast. Subsequent melting of the 
underlying ice mass resulted in collapse of the lake sediments forming a 
topographic inversion or high in the study area. 
Approximately 11,700 yrs. B.P., during phase K, the ice margin 
readvanced into the study area from the northeast for the last time. 
The western margin of phase K is the Cooperstown Moraine west of the 
study area. As the ice margin entered the study area, it overrode the 
supraglacial lake sediments modifying the topography and depositing a 
thin veneer of till ( Unit "G"). As the ice mass overrode the lake 
sediments, thrusting of the lake deposits occurred, as discussed 
earlier. The direction of ice flow at this locality was from the north 
and northeast, as reflected in the upglacier position of the depressions 
with respect to the thrust masses. In addition, the predominantly 
crystalline and,carbonate lithology of unit "G" suggests the primary 
source to have been the Canadian Shield northeast of the study area 
(Moran and others, 1976). Throughout the study area unit "G" is 
composed of a thin lodgement till overlain by a thicker ablation till. 
This relationship is characteristic of tills associated with advances 
during the latter part of the late Wisconsinan in which the ice mass was 
thinner and characterized by relatively large amounts of englacial 
debris. 
After the ice margin reached its maximum western extent the ice 
mass became stagnant throughout the study area. Collapsed glacial 
features resulting from stagnation are present in the western two-thirds 
of the study area. The upper subunit of "G" was supraglacial and was 
deposited as the underlying stagnant ice melted. Melting of the ice 
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mass generated large amounts of surficial and subglacial meltwater. 
Meltwater reworked englacial and supraglacial till of unit "G" and 
deposited sediments in subglacial channels in the form of eskers. 
Eskers consistently trend north to south, paralleling the direction of 
flow of ice during phase K. As melting of the ice mass proceeded, 
transverse ridges were deposited wherever concentrations of englacial 
sediment was present along shear planes or flow lines. 
In the area of draped glacial sediment few collapsed features are 
present in unit "G" due to the thinner till cover resulting from the ice 
advancing over the ridge formed by the underlying collapsed lake 
sediments. 
As the ice mass melted, streams became established, draining 
southward off the ice mass. Abandoned meltwater channels and underfit 
streams attest to the presence of larger streams during deglaciation of 
the area, Meltwater streams are visible on air photos as smoothed 
channels in otherwise collapsed hummocky areas. Drainage in the area of 
collapsed topography is not well-integrated. Drainage in the area of 
draped glacial deposits, however, is well-integrated because surface 
waters quickly eroded the thinner cover of loose till and into the more 
easily erodable lake and beach sand. 
In the Maple River area, meltwater from the north was ponded 
against the wasting ice margin. Wave activity of the proglacial lake 
reworked the collapsed till surface topography. Abandoned lake outlets 
are present south of the lake plain suggesting the lake drained to the 
south along the same course as the present underfit Maple River. Recent 
(Holocene) river sediments were subsequently deposited in the upper 
reaches of the Maple River. 
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After 11,300 yrs. B.P., fluctuations of the ice margin continued 
with the wastage of the Des Moines Lobe to the north and northeast. 
Meltwater from the still wasting ice sheet was ponded over stagnant ice 
in eastern North Dakota thus forming the supraglacial stage of Lake 
Agassiz (Clayton and Moran, 1982). Subsequent advances as well as 
recessions of the ice mass and changes in lake outlet levels and 
positions caused additional fluctuations in lake levels, forming 
numerous beaches and strandlines. The highest well-preserved beach is 
the Herman beach located in the study area. Exposures of faulted and 
folded beach and lake sediments support the theory that the early stage 
of glacial Lake Agassiz was underlain by stagnant ice. 
As the lake level lowered, drainage shifted from the south to the 
east cutting across the Herman beach and establishing itself on the lake 
plain. Slight depressions on the lake plain also developed as buried 
ice blocks within the lake sediment melted. Approximately 9,500 yrs. 
B.P., Lake Agassiz drained completely to the north. 
Little modification of the late Wisconsinan landscape has occurred 
since 9,500 yrs. B.P. Most present streams are ephemeral and contribute 
little to erosion. Surface runoff during the spring, due to snow melt, 
and farming practices probably have the greatest affect on modifying the 
topography. 
SUMMARY AND CONCLUSIONS 
The late Wisconsinan sediments of the study area have been 
differentiated into seven lithostratigraphic units ( 11A11 - 11 G11 ) on the 
basis of texture, coarse sand lithology, matrix calcite-dolomite 
composition, clay mineralogy, bulk density and stratigraphic position. 
Units 11A", "D" and "G" represent three separate till units deposited by 
distinct glacial events in the area. Unit 11A" consists of till 
deposited before 12,300 yrs. B.P. as the ice repeatedly advanced and 
receded into and beyond the study area. The till of unit 11D11 is 
interpreted to be a lodgement till, equivalent to the Gardar Formation, 
deposited by a southeast-flowing glacier 11,900 yrs. B.P. Unit "G" 
consists of a lower lodgement or basal melt-out till and an upper 
ablation till equivalent to the Dahlen Formation, Unit "G" was 
deposited by ice flowing to the southwest 11,700 yrs. B.P. 
Units "B" and "C" represent an extensive proglacial lake sand and 
silt sequence deposited sometime between 12,300 and 11,900 yrs. B.P. 
Units "E" and "F" represent a collapsed supraglacial sand and silt lake 
sequence deposited sometime between 11,900 and 11,700 yrs. B.P. These 
units separate units "D" and "G" stratigraphically. Glaciolacustrine 
sediments of units "B", "C", "E" and "F" comprise the Page aquifer. 
Stratigraphic position of the various units is the best way to 
demonstrate that the till units belong to two separate glacial advances. 
Analysis of texture, coarse sand lithology, matrix calcite-dolomite 
composition, clay mineralogy, and bulk density, along with mapping of 
the surficial geology, support stratigraphic evidence of two separate 
till units, characterize the sediments, and support the origin of the 
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units. The presence of units "B", "C", "E", and "F" further supports 
the theory that prior to the existence of glacial Lake Agassiz several 
proglacial and supraglacial lakes were present along the margin of the 
Red River Valley (Bluemle, 1974). 
Continued studies of the glacial stratigraphy of North Dakota are 
necessary to correlate lithostratigraphic units and determine their 
origin. Correlation of till units between existing study areas is 
difficult due to lateral variations of till characteristics over large 
distances. 
Currently, most studies in North Dakota rely on structure, 
stratigraphy, and texture to differentiate lithostratigraphic units. In 
situations where till structure cannot be observed, other paramenters 
must be used to define specific till units and their source areas. 
Additional emphasis on lab analysis should be made to characterize the 
clay mineralogy and matrix composition of till units in North Dakota. 
In addition, greater emphasis on the relationship of till units based on 
their origin is needed. Describing units in physical and chemical terms 
better reflects the source area, origin of a till and presence of 
weathering profiles within till units. Too often ablation and lodgement 
tills, or one weathered till representing one glacial event, are 







Location: T.141., R.53W., sec. 4SE!,;SW!i;NW!,; 










Sand; silty, clayey, pebbly; pale yellow 
(2.5Y 7/4); poorly sorted; crystalline 
and carbonate pebbles; structureless. 
Silt; white (2.5Y 8/2); well-sorted; 
subtle cross-stratification; loess. 
Sand; pale yellow (2.5Y 8/4); well-
sorted; subtle laminations; beach or 
lake deposit. 
OC-2 
location: T.142N., R.53W., sec. 19SWli;SWl,;SW'-,; 










Sand; silty, clayey, pebbly; grayish-
brown (2.5Y 5/2); poorly sorted; 
oxidized; crystalline and carbonate 
pebbles; structureless. 
Sand; silty; white (2.5Y 8/0) to pale 
yellow (2.5Y 7/4) laminations alternating 
with very dark gray (lOYR 3/1) 
laminations; well-sorted; oxidized; 
laminations dip 25-30 degrees northeast, 
contact with overlying till is irregular. 
Silt; clayey; light gray (2.5Y 7/0), 
white (2.5Y 8/2), pale yellow (2.SY 7/4) 
to light olive brown (2.5Y 5/4) 
laminations; well-sorted; oxidized and 
reduced layers; laminations are l,; to 2 
inches (11 to 5 cm) thick and dip 25-30 
degrees northeast; sediment is fissile; 
well-con,pacted; some laminations are 
foled, faulted, or truncated. 
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Topsoil; sandy, fine- to medium-grained; light 
yellowish-br0"1Il (2.SY 6/4). 
Sand; fine- to medium-grained, silty; light 
yellowish-brown; poor cohesion; predominantly 
quartz sand grains. 
Sand; fine- to medium-grained, silty, few 
pebbles; light yellowish-br0"1Il; poorly 
compacted. 
Silt; sandy, clayey, granular; gray (2.SY 6/0); 
slightly cohesive. 
Silt; clayey, sandy; gray (2.SY 6.0), bluish-gray 
when wet; moderately well-sorted; some shale 
rock fragments; cohesive. 
Silt; clayey; light brownish-gray (2.SY 6/2); 
well-sorted; cohesive. 
Silt; sandy, fine- to medium-grained, clayey; 
light bluish-gray; well-sorted. 
Silt; clayey, sandy, fine- to medium-grained; 
light bluish-gray. 
SF-2 
Location: T.141N., R.54W., sec. 3NEl.NElt;NE!,; 







Sand; silty; clayey, pebbly; pale yellow 





















Sand; silty, clayey, pebbly; light yellowish-
brown; poorly sorted; iron-oxide stained; 
crystalline pebbles; granular. 
Silt; sandy, fine- to medium-grained, clayey, 
pebbly; light gray (2.5Y 7/2), bluish-gray 
when wet; moderately well-sorted; friable. 
Silt; sandy, clayey, granular; light gray 
(2.5Y 7/0); cohesive; pebbles encountered at 
30 feet; pebbles predominantly shale and 
lignite. 
Sand; fine- to medium-grained, silty; clayey; 
light gray; shale and lignite fragments. 
Silt; sandy, clayey; light gray; moderately 
well-sorted; few shale fragments. 
Silt; sandy, clayey, granular; light gray; 
well-sorted. 
Silt; sandy, clayey; light gray; well-sorted. 
Silt; clayey; light gray; granular lignite 
fragments; moderately well-sorted. 
SF-3 







Sand; fine- to coarse-grained, silty, pebbly; 
light yellowish-brown (2.SY 7/4); poorly 
sorted; pebbles predominantly crystalline 
rock fragments. 
Sand; fine- to coarse-grained, silty, clayey, 
pebbly; light gray (2,5Y 7/2); slightly 
friable; pebbles predominantly crystalline, 
shale and carbonate rock fragments, 
Sand; fine- to coarse-grained, silty, clayey, 

















Silt; sandy, predominantly fine- to medium--
grained, clayey, sand size decreases down 
hole; light gray (dry), bluish-gray (wet). 
Silt; sandy, clayey; light brownish-gray to 
gray (2.5Y 6/2-6/0); some cobbles; some 
shale pebbles. 
Silt; sandy, fine- to coarse-grained, clayey, 
granular; light gray; scattered lignite 
fragments. 
Silt; sandy, clayey, granular; light gray 
(10YR 7 /1). 
SF-4 







Silt; sandy, clayey, granular; yellow (2.5Y 
8/6); iron-oxide stain; moderate to poor 
sorting. 
Silt; sandy, fine- to coarse-grained, clayey; 
yellow with gray mottling; oxidized; contains 
some sand lenses. 
Silt; clayey; light gray (2.5Y 7/2); inter-
bedded sand and clay lenses; cohesive; 
compacted. 
Silt; clayey, minor sand lenses; light gray 
(dry), bluish-gray (wet); well-sorted; 
friable; laminated; shale fragments predominate 
in the coarse sand fraction. 
Silt; clayey, minor sand; light gray (2.5Y 7/0); 
well-sorted; cohesive. 
Silt; clayey; light gniy; well-sorted; moderate 
cohesion. 
Silt; clayey, sandy; light gray; well-sorted; 
cohesive. 
Sand; silty; light gray; well-sorted; sand 
composed predominantly of shale fragments. 
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SF-5 
Location: T.142N., R.55W., sec. 13SE~S~Ell; 
























Silt; clayey, sandy, pebbly; white (lOYR 8/1); 
moderately well-sorted; cohesive. 
Silt; clayey, sandy; pale yellow (2.SY 7/4) 
with bluish-gray clay lenses; cohesive, 
Silt; sandy, fine- to coarse-ground sand, 
pebbly; light yellowish-brown, 
Silt; sandy, clayey, pebbly; light yellowish-
brown; iron-oxide staining; cohesive; shale, 
crystalline and carbonate pebbles. 
Sand; fine- to coarse-grained, silty, clayey, 
granular; light gray (2.SY 7/0); cohesive. 
Sand; silty, clayey, granular; light brownish-
gray (lOYR 6/2); granular shale fragments 
present. 
Sand; silty, clayey, granular; light gray; 
lignite fragments. 
Sand; light gray, 
SF-6 





Topsoil; silt, sandy, fine- to coarse-grained, 
pebbly, clayey; pale yellow (2.SY 8/4), 
Silt; sandy, clayey, pebbly; pale yellow; 






















Silt; sandy, fine- to coarse-grained, pebbly, 
clayey; pale yellow (2.SY 7/4); iron-oxide 
stain mottled with bluish-gray clay. 
Silt; sandy, clayey, pebbly; light gray 
(2.SY 7/2) with yellow brown mottling; iron-
oxide stain (12-14 feet). 
Sand; silty, clayey, granular; light brownish-
gray (2.SY 6/2); moderate to poor sorting; 
lignite fragments; abundant shale fragments. 
Silt; sandy, clayey, pebbly, light gray; 
moderate to poor sorting; pebble layer at 
20-21 feet. 
Silt; sandy, fine- to medium-grained; light 
gray (2.SY 7/0), bluish-gray when wet; well-
sorted; lignite fragments present. 
Silt; clayey, light gray; moderately well-
sorted; abundant shale fragments. 
Silt; clayey, light gray; well-sorted. 
Silt; clayey, minor sand, very fine-grained; 
light gray (2.SY 7/0); abundant shale 
fragments. 
Silt; sandy, clayey; light brownish-gray (2.SY 
6/2); lignite fragments, abundant shale 
frag111ents. 
Silt; clayey; light gray; well-sorted; lignite 
fragments. 
SF-7 





Silt; sandy, clayey, pebbly; pale yellow 
(2.SY 7/4) with bluish-gray mottling; iron-oxide 



















Sand; silty, clayey, pebbly; yellowish-brown; 
poorly sorted; calcareous; oxidized, 
Sand; silty, clayey, pebbly; light brownish-
gray (2.5Y 6/2); some iron-oxide staining; 
crystalline, carbonate, and shale rock 
fragments present, 
Sand; silty, clayey, pebbly; light brownish-
gray; cohesive. 
Silty; sandy, fine-grained, clayey; light 
brownish-gray; cohesive. 
Sand; silty, clayey, granular; gray (2.5Y 6/0); 
granule size lignite fragments present. 
Sand; fine- to medium-grained, silty; gray 
(lOYR 6/0); well-sorted; granule size lignite 
fragments present. 
Sand; fine- to medium-grained; gray; well-
sorted; lignite and shale sand fragments. 
Sand; fine- to medium-grained, silty; gray; 
well-sorted. 
SF-8 







Topsoil; sand, silty, clayey, granules; light 
brownish-gray (2.5Y 6/2); granules and 
pebbles decrease with depth. 
Sand; silty, clayey, pebbly; pale yellow 
(2.5Y 7/4); iron-oxide stain; highly calcareous; 
carbonate and igneous rock fragments. 
Sand; silty, clayey, pebbly; yellowish-brown; 
iron-oxide stain in sub-parellel bands; 





















Sand; silty; clayey, pebbly; yellowish-brown 
mottled with light gray clay; strong iron-
oxide staining; shale, igneous carbonate and 
lignite rock fragments. 
Sand; silty, clayey, pebbly; yellowish-brown. 
Sand; fine- to coarse-grained; yellowish-
brown; iron-oxide staining. 
Sand; silty, clayey, pebbly; yellowish-brown; 
decreased iron-oxide staining. 
Sand; silty, clayey, pebbly; yellowish-brown; 
subrounded to subangular pebbles with iron-
oxide rims; weathered calcareous pebbles. 
Silt; clayey, sandy, coarse-grained sand, 
granular; light gray (2.5Y 7/2); no pebbles 
present; little iron-oxide staining. 
Silt; sandy, clayey, pebbly; yellow (2.SY 7/6); 
increased iron-oxide staining; subrounded 
pebbles; shale rock fragments predominate; 
lignite granules. 
Silt; sandy, clayey, some shale granules; 
gray (lOYR 6/1); iron-oxide stain in lower 
portion; moderately well-sorted; structureless. 
Silt; sandy, clayey, granular; gray; iron-
oxide stained; shale rock fragments present. 
Sand; silty, clayey, pebbly; gray; intense 
iron-oxide staining. 
Sand; fine- to medium-grained, silty, clayey; 
well-sorted; abundant shale rock fragments. 
Missing. 
Silt; clayey; light gray; structureless. 
Missing. 
Silt, sandy, clayey; light gray (2.5Y 7/0); 
well-sorted; cross-stratified laminations; 
micro-faults; laminations consist of alternating 
layers of light and dark minerals. 
137, 
SF-9 
Location: T.143N., R.55W., sec. lNWl,;NWl,;NW~ 















Silt; sandy, clayey, pebbly; olive gray 
(5Y 5/2); poorly sorted; friable; igneous 
and carbonate rock fragments. 
Silt; sandy, clayey, pebbly; light yellowish-
brown (2.5Y 6/4); iron-oxide staining; 
poorly sorted. 
Silt; clayey, sandy, fine- to coarse-grained 
sand; pale yellow (2.SY 7/4); moderately 
well-sorted; friable. 
Silt; clayey; pale yellow (2.5Y 7/4); well-
sorted. 
Silt; sandy, clayey; light brownish-gray 
(2/SY 6/2). 
Silt; sandy, fine- to medium-grained, clayey; 
pale yellow; well-sorted. 
Sand; fine- to medium-grained, silty; 
yellowish-gray. 
SF-10 
Location: T,l43N., R.SSW., sec. lOSE\SEl,;SEl,; 










Sand; fine- to coarse-grained, silty, pebbly; 
yellowish-brown; moderately well-sorted. 
Sand; silty, clayey, pebbly; pale yellow (2.SY 





















Silt; sandy, fine- to coarse-grained, clayey, 
pebbly; pale yellow; cohesive, 
Sand; silty, clayey, pebbly; pale yellow with 
gray mottling; iron-oxide stain; poorly sorted; 
cohesive; shale and crystalline rock fragments. 
Sand; silty, clayey, pebbly; pale yellow to 
light gray; friable; shale rock fragments. 
Sand; fine- to coarse-grained; pale yellow to 
gray (2.SY 7/4 to 2,5 7/2), mottled; slightly 
cohesive; cobble layer at 21 feet. 
Sand; silty, clayey, some shale granules; light 
gray (2,5Y 7/2); poorly sorted; cohesive. 
Sand; clayey; light gray (bluish-gray when 
wet); poorly sorted; increasing occurrence of 
shale rock fragments. 
Silt; clayey; light gray (2.SY 7/0); moderately 
well-sorted; cohesive; lignite and shale rock 
fragments. 
Sand; fine- to medium-grained, silty, clayey; 
light gray; well-sorted; cohesive. 
Silt; clayey; light gray; well-sorted; lignite 
and shale rock fragments. 
Sand; fine- to medium-grained, silty; light 
gray; well-sorted. 
SF-11 





Topsoil; sand; light yellowish-brown. 
Sand; silty, clayey. 
Silt; clayey, sandy; light gray (lOYR 7/1); 





















Silt; sandy, clayey; pale yellow (2.SY 7/4); 
cohesive. 
Sand; pebbly, silty; pale yellow; poorly 
sorted; cohesive. 
Sand; silty, increase clay content; light 
gray (2.5Y 7/0); moderately well-sorted; 
cohesive. 
Sand; silty; light gray; moderately well-
sorted; coarse-grained shale fragments 
predominate. 
Silt; sandy, clayey, few pebbles; light gray; 
moderately well-compacted; abundant shale 
fragments. 
Silt; sandy; gray (2.5Y 6/0); well-sorted. 
Silt; clayey; light gray (2.5Y 7/0}; well-
sorted; shale fragments present. 
Silt; sandy, decrease clay content; light gray; 
well-sorted. 
SF-12 







Sand; fine- to medium-grained, silty, clayey, 
pebbly; yellowish-brown; iron-oxide stain; 
crystalline rock fragments. 
Silt; clayey, sandy, pebbly; pale brown 
mottled gray; iron-oxide stain; moderate to 
poor sorting; c.ohesive .. 
Sand; silty, clayey, pebbly; gray (loYR 6/1}, 
poorly sorted. 





Sand; silty, clayey, pebbly; gray; 
moderately well-sorted; cohesive; shale 
rock fragments, present. 
Sand; silty, clayey, pebbly; gray (2.5YR 6/0); 
high percentage of shale fragments. 
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Great Northern Railroad 
Location: T.143N., R.54W., sec. 31SW!,;S~El,; 














Pebbles, granules, sandy, (gravel). 
Soil; black. 
Clay, bouldery; yellow. 
Clay; gray; soft. 
Clay; blue. 
Sand, fine-grained. 
North Dakota State Water Coumtission (NDSWC) 
Unnumbered 
Location: T.142N., R.54W., sec. NW!,;s~\ 














Clay; silty, sandy, pebbly; olive-brown 
(0-17 feet), olive-gray (17-22 feet). 
Clay; silty; olive-gray; well-sorted. 
Sand; very fine- to fine-grained, silty; 
well-sorted; rounded to subrounded grains; 
predominantly quartz, shale and carbonate 
sand grains. 
















Sand; very fine- to coarse-grained; 
predominantly fine-grained, interbedded 
silty clay and sandy silt lenses; olive-gray; 
some lignite fragments present. 
Clay; sandy, pebbly; olive-gray; poorly sorted. 
NDSWC 2343 









Till; silty; grayish-orange (lOYR 3/4) to 
dark yellowish-orange (lOYR 6/6); slightly 
cohesive; iron-oxide stained; highly 
calcareous. 
Clay; silty, occasional sand size fragments; 
moderate yellowish-brown (lOYR 4.5/4); moderate 
cohesion; brittle; oxidized. 
Sand; clayey in the upper portion; oxidized in 
the upper 29 feet; tooderately well-sorted; 
sand composed of crystalline, shale, lignite, 
and carbonate rock fragments. 
Clay; silty; dark greenish-gray with a shade 
of olive gray (SY 4/1); moderately well-sorted; 
lignite fragments present. 
Sand; moderately well-sorted; composed of 
quartz, shale, carbonate, and lignite fragments; 
angular to rounded. 
Clay; silty; dark greenish-gray to olive-gray 




Location: T.141N., R.54W., sec. 11SW~SE~SW!i; 

























Clay; silty, pebbly; grayish-orange to dark 
yellowish-orange; abundant shale pebbles; 
calcareous. 
Clay; silty; grayish-orange to pale olive; 
calcareous"' 
Silt; clayey; yellowish-brown to pale olive; 
scattered lignite fragments; cohesive. 
Silt; clayey, scattered sand and small pebbles; 
dark greenish-gray; cohesive; soft. 
Sand; fine- to medium-grained, clay lenses; 
dark gray; angular to rounded sand grains. 
Silt; clayey, sandy; olive-gray to dark 
greenish-gray; cohesive; scattered lignite 
fragments. 
NDSWC 3123 







Clay; sandy; light olive-gray; highly 
calcareous . 
Clay; sandy, pebbly; moderate yellowish-brown; 
highly calcareous. 
Clay; silty, sandy, scattered slllall pebbles; 













Silt; olive gray; cohesive; laminated; 
calcareous; few lignite fragments. 
Granular; sandy, fine- to very coarse-
grained; angular to well-rounded; granules 
predominantly shale fragments. 
Clay; silty, sandy, pebbly, numerous boulders, 
olive-gray; highly calcareous; scattered 
lignite fragments. 
Granular; fine- to very coarse-grained, 
numerous boulders; predominately shale and 
limestone granules and pebbles. 
Clay; silty, sandy, pebbly, numerous scattered 
boulders; olive-gray; highly calcareous; 
scattered lignite fragments. 
Bedrock; shale; silty, clayey; olive-black; 
numerous white specks and pyrite crystals; 
highly calcareous; hard. 
NDSWC 3124 
Location: T.142N., R.55W., sec. lNWl,;NW!,;NEl,; 














Clay; silty, sandy, pebbly; moderate 
yellowish-brown; highly calcareous. 
Clay; silty, sandy, pebbly; olive-gray; 
cohesive; few lignite fragments. 
SiJ.t; clayey, sandy; olive-gray; cohesive; 
few lignite fragments, 
Sand; fine- to medium-grained; gray; angular 
to rounded sand grains; scattered lignite 
fragments; sand grains predominantly shale 
fragments. 
Pebbles; granular, sandy, fine- to grained; 
abundant: lignite fragments; predominantly 
















Clay; silty, sandy, granular; olive-gray; 
abundant shale pebbles; highly calcareous. 
NDSWC 3125 










Clay; silty, sandy, pebbly; yellowish-brown; 
highly calcareous. 
Sand; very fine- to fine-grained; brown; few 
subangular lignite fragments; predominately 
quartz sand. 
Clay; silty, scattered sand and pebbles; 
olive-gray; few lignite fragments; highly 
calcareous. 
Sand; very fine- to fine-grained; blue; 
angular to rounded; few lignite fragments. 
Clay; silty, scattered sand; olive-gray; few 
lignite fragments; highly calcareous. 
Sand; very fine- to medium-grained; gray; 
angular to rounded; predominantly quartz sand; 
fine- to coarse-grained lignite fragments. 
Silt; clayey, scattered fine-grained sand; 
olive-gray; cohesive; granular lignite 
fragments. 
Clay; silty, sandy, pebbly; olive-gray; 
scattered lignite fragments; highly 
calcareous; pebble (gravel) lenses at 187 
































Clay; silty, sandy; moderate yellowish-
brown; highly calcareous. 
Sand; fine- to coarse-grained; blue; angular 
to rounded; scattered lignite fragments; 
predominantly quartz sand. 
Clay; silty, sandy; olive-gray; highly 
calcareous; scattered lignite fragments. 
Sand; medium- to coarse-grained; blue; angular 
to rounded; scattered lignite fragments; 
predominantly quartz sand. 
Silt; olive-gray; laminated; cohesive; highly 
calcareous .. 
Clay; silty, sandy, pebbly, numerous boulders; 
olive-gray; highly calcareous. 
Boulders; dolomite. 
Clay; silty, few sand and gravel lenses; 
olive-gray; highly calcareous. 
Sand; medium- to very coarse-grained, granular; 
angular to well-rounded; predominantly quartz 
and shale sand. 
Clay; silty, sandy, pebbly, numerous boulders; 
olive-gray; highly calcareous; scattered 
lignite fragments. 
Clay; sandy; olive-gray; highly calcareous; 
scattered lignite fragments, 
Clay; silty, sandy, pebbly; highly calcareous; 
scattered lignite fragments. 
Shale; silty; olive-black with numerous small 
white specks; cohesive; highly calcareous. 
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NDSWC 3130 
Location: T. 142N., R. 53W., sec. lNW!,;NEl;;,.'IW!,; 




















Silt; grayish-orange; coehsive; highly 
calcareous; scattered 1:1:g!l.i:.te fragments. 
Clay; silty; dark greenish-gray; soft; 
scattered lignite fragments and pebbles, 
Silt; dark greenish-gray; laminated; 
cohesive; calcareous; scattered pebbles. 
Clay; sandy, pebbly; dark greenish-gray; 
scattered lignite frag,nents, 
Clay; sandy; olive-gray; some scattered 
pebbles. 
Clay; sandy; dark yellowish-brown; 
scattered pebbles. 
Clay; silty, sandy. 
NDSWC 9876 
Location: T.143N., R.54W., sec 33NEl,;NEl,;NE!,; 








































Sand; fine-grained; gray; hard. 
D Till; sandy; gray. 
Clay; sandy; gray. 
C Sand; fine-grained; gray. 
Clay; sandy; gray. 
Sand; fine- to medium-grained. 
B Silt; sandy, clayey; gray. 
Sand; medium-grained. 
Silt; sandy, clayey; gray. 
A Sand; medium- to coarse-grained, 
Till; sandy; gray. 
Rack. 
Till; sandy; gray. 
NDSWC 9877 








Clay; yellow; oxidized. 
Sand; oxidized. 
Till; sandy; yellowish-brown. 
Till; sandy; gray. 
Sand. 
Till; sandy; gray. 
gravel. 
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42-50 Sand; silty, clayey; gray, 
50-104 C Sand; fine- to medium-grained, 
104-124 B Silt; clayey; gray. 
124-125 A Rock. 
125-133 Till; gray. 
133-134 Rock. 
134-148 Till; gray. 
148-149 Rock. 
149-158 Till; gray; hard. 
158-159 Gravel. 
159-186 Till; gray, 
186-187 Rock. 
187-223 Till; sandy; gray. 
223-226 Till; gray. 
226-227 Rock. 
227-241 Till; gray. 
241-243 Rock, 
243-249 Till; gray. 
249-251 Rocks, 
251-258 Till; gray, 
258-261 Rock, 
261-280 Till; gray. 
280-281 Rock. 
281-345 Till; gray; hard, 
345-347 Gravel; sandy. 






































Till; sandy; yellow; oxidized. 
Till; yellowish-gray. 
Till; sandy; gray. 
Sand; clayey; gray. 
Sand; fine- to medium-grained. 
Silt; sandy, clayey; gray. 
Rock 
Till; gray; hard. 
NDSWC 9880 







Clay; sandy; silty, pebbly; yellow-brown; 
oxidizied. 
Clay; sandy, silty, pebbly; olive-gray. 
Sand; granular. 
Clay; silty; greenish-gray. 
Clay; silty, sandy, pebbly; olive-gray. 
Sand; very fine- to medium-grained, coarsens 
with depth; well-sorted; subrounded pebbles; 
sand composition: 50-60% quartz, 5-10% shale, 




























Silt; clayey; greenish-gray; contains sand 
lenses at 155-165 feet, 176-184 feet, and 
193-19 7 feet. 
Clay; silty, sandy, pebbly; olive-gray. 
Boulder. 
NDSWC 9888 




Clay; yellow; oxidized. 
D Silt; clayey; gray. 
C Sand; fine-grained; gray. 
Silt; clayey; gray. 
Sand; fine-grained. 




Till; gray; hard. 
Rock. 
Till; gray; hard. 
Rock. 
Till; gray; hard. 
Rock. 
Till; gray; hard. 
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370-371 Rock. 
371-382 Till; gray; hard. 
283-383 Rock, 
383-385 Till; gray; hard. 
385-386 Rock. 
386-391 Till; gray; hard. 
NDSWC 9889 
Location: T.142N., R.54W., sec .. 15NE~E!,; 
Elevation: 1244 Feet 
Depth 
in Feet Unit De~scription 
0-1 G Topsoil. 
1-7 Clay; yellow; oxidized. 
7-12 Sand; fine-grained; oxidized. 
12-16 Silt; clayey; yellowish-brown; oxidized. 
16-39_ F Sand; fine-grained; oxidized. 
39-59 Sand; fine-grained; gray, 
59-73 D Silt; sandy, clayey; gray, 
73-105 Silt; clayey; gray. 
105-165 B Sand; silty, clayey; gray. 
165-295 Silt; clayey; gray. 
295-296 A Rock. 
296-305 Till; gray. 
305-306 Rock. 





































Rocks and pebbles. 
Till; gray; hard. 
Rocks and pebbles. 
Till; gray; hard. 
Rock. 
Till; gray; hard. 
Rock. 
Till; gray; hard. 
Rock. 
Till; gray; hard. 
Rock. 
Till; gray; hard. 
NDSWC 10312 









Clay; silty, sandy, pebbly; yellowish-
brown; poorly compacted; oxidized zone 
ending at 17 feet; pebbles predominan,tJ.y 
quartz. 
Sand; granular, predominantly a coarse-
grained sand; poorly sorted; few pebbles; 
pebbles are well-rounded. 
Clay; silty, sandy, pebbly; olive-gray; 
poorly compacted; friable. 
Sand; fine- to coarse-grained, predominantly 



























Clay; silty; olive-gray; well-compacted; 
sand lenses from 171 to 174 feet. 
NDSWC 10316 










Clay; silty, sandy, pebbly; brownish-yellow; 
moderately well-compacted. 
Sand; fine- to coarse-grained; olive-gray; 
poorly sorted; oxidized layer ends at 19 
feet. 
Clay; sandy, silty; olive-gray; 
moderately well-compacted. 
Sand; fine- to medium-grained; olive-gray; 
well-sorted; some granular shale fragments. 
Clay; silty; olive-gray; poorly compacted; 
poor cohesion. 
NDSWC 10317 






Clay; silty, sandy, pebbly; yellowish-
brown; moederately 'liell-compacted. 
Sand; very fine- to medium-grained; 
yellowish-brown; poorly sorted. 























Sand; very fine- to coarse-grained, 
predominantly a medium-grained sand; 
moderately well-sorted. 
Gravel; sandy, medium-grained sand to 
granule; olive gray to black; poorly 
sorted; well-rounded grains; sand 
composed of predominately shale fragments. 
Sand; very fine- to medium-grained; olive-
gray; well-sorted. · 
Clay; pebbly, silty; olive-gray; friable. 
Sand; fine- to medium-grained, interbedded 
clay layers; olive-gray to dark gray; 
well-sorted. 
Clay; silty; olive-gray; compact; friable. 
NDSWC 10321 










Clay; silty, sandy, pebbly; yellowish-
brown; poorly compacted; oxidized from 1. 
to 22 feet. 
Sand; very fine- to coarse-grained, 
predominantly a fine-grained sand; olive-
gray; poorly sorted; friable. 
Clay; silty; olive-gray; slightly compacted; 
friable. 
Sand; very fine- to medium-grained; olive-
gray; well-sorted; sand intermixed with 
clay lenses from 103 to 113 feet. 









Location: T.143N., R.54W., sec 2NE!,;Nlll,;NW'~ 
























Clay; silty, sandy, pebbly; yellowish-
brown; friable. 
Clay; sandy; yellowish-brown; inter-
bedded clay and fine sand; poorly sorted. 
Sand; fine- to coarse-grained; 
yellowish-brown; well-sorted. 
Clay; silty; olive-gray; friable. 
Clay; silty; olive-gray; friable. 
Sand; fine- to coarse-grained; moderately 
well-sorted; fine lignite gravel. 
Clay; silty, sandy; olive gray; friable. 
Sand; very fine- to coarse-grained; 
dirty olive-gray; moderately well-sorted. 
Sand; fine- to coarse-grained; inter-
bedded sandy clay lenses; poorly 
sorted; friable·. 
Sand; fine- to medium-grained; 
olive-gray; poorly sorted. 
Sand; interbedded sandy clay. 
Sand; fine- to medium-grained; inter-
bedded clay lenses; olive-gray. 
Clay; silty; olive-gray; friable. 
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NDSWC 10325 
Location: T.143N., R.54W., sec, 2NE!,;NE!,;SW'~ 


























Clay; silty, sandy, pebbly; 
yellowish-brown. 
Clay; silty; olive-gray; interbedded 
lignite lenses, 
Clay; sandy, silty; olive-gray; fine 
granular lignite fragments; friable. 
Sand; fine- to very coarse-grained, 
granular; olive-gray; well-rounded sand 
grains. 
Clay; silty; olive-gray; friable. 
NDSWC 10327 









Clay; silty, sandy, pebbly; yellowish-
brown (1-17 feet), olive-brown (17-44 
feet); poor cohesion. 
Sand; very fine- to coarse-grained; olive-
gray; moderately well-sorted; fine lignite 
granules. 






























Silt; clayey, sandy; yellowish-brown; 
weathered; soft. 
Silt; clayey, sandy; olive-brown and 
weathered (22-38 feet). 
Silt; sandy; olive-gray; contains fine-
grained sand lenses; friable. 
Sand; clayey, silty, fine- to coarse-
grained sand; olive-gray; poorly sorted; 
some pebble size lignite fragments. 
Silt; clayey; olive-gray; interbedded clay 
lenses; laminated; soft and friable. 
Clay; silty, sandy, pebbly; olive-gray; 
poorly sorted; contains thin sandy shale 
lenses from 322 to 346 feet; rock at 346 
feet; compact. 
NDSWC 11704 







Clay; silty; olive-brown; weathered. 
Sand; fine- to coarse-grained; brown 
speckled. 
Clay; silty; olive-brown; weathered from 
32 to 48 feet. 
Sand; silty; gray. 
Clay; silty, interbedded with silty sand; 





















Sand; very fine- to fine-grained, silty; 
speckled olive-gray; coal present; sand 
grains rounded to subrounded. 
Clay; silty; olive-gray. 
NDSWC 11705 









Clay; silty, sandy, pebbly; moderate brown; 
poorly sorted; weathered. 
Clay; moderate olive-brown; weathered; 
(8-12 feet). 
Clay; silty, sandy; olive gray; inter-
bedded with olive-gray soft silt (12-42 
feet). 
Sand; very fine- to fine-grained; silty; 
speckled olive-gray; silty clay bed at 
49 to 51 feet; contains some coarse sand 
and pebble size lignite fragments. 
Silt; sandy; olive-gray; friable; contains 
some pebble size lignite fragments. 
Clay; silty, sandy, pebbly; olive-gray, 
Sand; very fine- to fine-grained, silty; 
silty clay lens from 170 to 171 feet. 
Clay; silty, interbeeded with sandy silt; 
some silty fine-grained sand with granular 
lignite fragments. 
Sand; very fine- to fine-grained; contains 




























Clay; silty, interbedded with poorly 
sorted fine- to medium-grained sand with 
lignite fragments; olive-gray, 
Silt; clayey, sandy; olive-gray; compact; 
contains granule and pebble size lignite 
from 274 to 279 feet. 
NDSWC 11706 









Clay; silty, sandy; pebbly; moderate 
olive-brown; weathered. 
Silt; clayey, sandy; moderate olive-brown; 
weathered. 
Sand; fine- to medium-grained; olive-brown 
speckled; predominately quartz and shale 
sand; some lignite fragments. 
Sand; silty, clayey; olive-gray; contains 
some lignite. 
Sand; very fine- to fine-grained, silty. 
Clay; silty; olive-gray. 
Sand; fine- to medium-grained, olive-gray 
speckled; predominately quartz, shale, 
and carbonate sand. 
Clay; silty; olive-gray. 
NDSWC 11707 
T,143N., R.54W., sec. 30~lt;NW!,; 
1172 Feet 
Unit Description 
Clay; silty, sandy, pebbly; brown {0-22 



































Clay; silty; olive-gray. 
Silt; sandy; olive-gray; compact to 
friable. 
Sand; medium- to coarse-grained; lignite 
granules. 
Large pebbles, coarse sand. 
Clay; silty, sandy, pebbly; olive-gray; 
poorly sorted. 
NDSWC 11708 








Clay; silty, sandy, pebbly; moderate 
olive-brown (0-22 feet), weathered; 
olive-gray (22-40 feet). 
Clay; silty; olive-gray; soft. 
Sand; fine- to coarse-grained, coarsening 
downward, granular, pebbly; quartz, shale, 
and carbonate pebbles. 
Clay; silty; olive-gray; soft to compact. 
Clay; silty, sandy, granular; olive-gray; 
pooly sorted; soft to slightly compact. 
Sand; pebbly; contains lignite granules; 
may be sorted. 









Location: T.143N., R.54W., sec. 1S~El,;SE\ 



















Silt; clayey; dark brown to light olive-
brown; weathered, sorted~ 
Clay; silty, sandy, pebbly light greenish-
gray to moderate olive-brown and weathered 
(5-13 feet), olive gray (13-16 feet); 
poorly sorted. 
Clay; silty, sandy, pebbly; olive-gray; 
poorly sorted. 
Sand; fine- to very coarse-grained, pre-
dominantly fine- to medium-grained, 
pebbly; high in shale rock fragments with 
minor quartz, carbonate and crystalline 
fragments. 
Clay; silty, sandy, pebbly; olive-gray; 
poorly sorted; contains a few sand lenses. 
Sand; very fine- to medium-grained; sorted; 
rounded to subrounded grains. 
Clay; silty, sandy; olive-gray; well-sorted. 
Sand; fine- to medium-grained, granular. 
Sand; fine- to medium-grained, interbedded 
silty clay; olive-gray. 









































Clay; silty, sandy, pebbly; olive-brown 
(0-15 feet), olive-gray {15-27 feet); 
poorly sorted. 
Silt; clayey, sandy; olive-gray; sorted; 
soft to friable, 
GranuJ.ar; coarse- to very coarse-grained 
sand, pebbly; fair sorting. 
Granular; coarse- to very coarse-grained 
sand, pebbly; sorted; shale and carbonate 
rock fragments, 
Clay; sandy, silty, some granules, cobbly 
in parts; olive-gray; poorly sorted; 
friable to slightly cohesive; sand lens 
at 103 to 105 feet, 
Clay; silty; olive-gray; compact. 
Clay; silty, sandy, some granules; olive-
gray; poorly sorted. 
Silt; sandy; olive-gray; compact to friable. 
Cobbles; granular. 
Clay; silty, sandy, granules; olive-gray; 
poorly sorted; compact. 
Boulder (metamorphic), 
Clay; silty, sandy, granules; light olive-
gray; poorly sorted; compact. 
lc5 
NDSWC 11719 
Location: T.143N., R.54W., sec. 14SW\SW\SElt; 
















Clay; silty, sandy, pebbly; olive-brown; 
poorly sorted. 
Sand; fine- to coarse-grained, silty, 
interbedded with sandy silt; olive-brown; 
predominantly quartz, shale, and 
carbonate sand. 
Clay; sandy, silty; olive-gray; weathered 
in upper portion. 
Silt; sandy; olive-gray; friable. 
Clay; silty; olive-gray; massive to 
flaky. 
Sand; fine- to coarse-grained; well-
sorted; lignite fragments present; 
predominantly shale sand. 
Silt; clayey, sandy; olive-gray; friable 
to soft. 
I NDSWC 11720 
Location: T.142N., R.54W., sec. 32SW\SWl.SW\ 








Clay; silty, sandy, pebbly; light to 
moderate olive-brown; poorly sorted; 
weathered. 
Silt; clayey, sandy below 20 feet, 
interbedded silty clays; olive-gray; 





















Clay; silty, sandy, pebbly, rocks 
encountered at 27 feet; olive-gray; 
poorly sorted; soft to compact; flaky. 
Clay; slightly sandy, silty; olive-gray; 
flaky to compact. 
Sand; very fine- to coarse-grained, 
predominantly fine-grained, silty; 
moderately well-sorted; rounded to sub-
rounded grains. 
Clay; silty, sandy; oliver-gray; well-
sorted; compact. 
Silt; clayey, sandy; olive-gray; well-
sorted; compact. 
Sand; very fine- to coarse-grained; pre-
dominantly fine-grained, silty, inter-
bedded with sandy silt and silty clay; 
lignite granules at base. 
Clay; silty; olive-gray; sorted; compact. 
Clay; silty, pebbly, sandy; olive-gray; 
poorly sorted; compact. 
NDSWC 11722 








Sand; fine- to very coarse-grained; silty; 
oxidized from Oto 27 feet; well-sorted 
sandy silt towards base. 
Silt; clayey; olive-gray. 
Sand; very fine- to coarse-grained, silty; 
moderately well-sorted; lignite fragments 
near base. 
Silt; sandy, clayey; olive-gray; friable; 





Clay; silty; olive-gray; soft. 
Silt. 
Clay; silty, interbedded with clayey 
silt layers; olive-gray. 
Appendix D 
Textural and Lithologic Data for Field Samples 
,, .... , .. ------,~---------...... --
Table 5, TEXTURAL AND LITHOL0GIC DATA OF AUGER SAMPLES 
Sample Texture Lithology 
Number Location Sand Silt Clay Crystln, Carbonate Shale Lignite 
1 -1 Tl41NR53W/9/SW/SW/SW 86.8 7.4 5.8 
-2 81.8 11.9 6.3 
-3 31.8 48.0 20.2 12 15 73 0 -4 12.8 65.6 21.6 11 6 83 0 -5 2,0 89.6 8.4 
-6 24.5 68.5 7.0 
-7 23.9 55.4 20.7 13 7 80 0 
2 -1 Tl41NR54W/3/NE/NE/NE 32 ,2 42.9 24.9 58 18 24 0 
'"" -2 32 .6 51.4 16.0 27 21 52 0 "' "' -3 23.0 56.2 20.8 12 19 66 3 -4 40.8 38.5 20.7 10 15 65 10 -5 23.3 54.3 22.4 18 11 71 0 -6 26.2 55.8 18.0 17 12 71 0 -7 33.6 52.5 13.9 
-8 28.9 54.6 16.5 8 11 80 1 
3 -1 Tl41NR54W/35/NW/NE/NE 77.6 16.5 5.9 61 36 3 0 -2 f,/,J), i:;.,o <~ r \N'/,/ 49.4 34.8 15.8 39 25 36 0 -3 43.2 . 39.8 17 .o 39 17 44 0 -4 # N 7{; '1-tf 38.9 41.8 19.3 31 32 37 0 -5 31.9 52. 9 15 .2 23 26 51 0 -6 38.3 45.1 16.6 29 24 46 1 -7 35. 8 46.8 17.4 22 24 53 1 
4 -1 Tl41NR55W/12/SE/SE/SE 34.5 46.5 19.0 39 20 41 0 -2 34.7 40.0 25.3 47 23 30 0 -3 10.8 58.5 30.7 14 13 73 0 
·' ~ '..... "'<---'•-),,,. ·-·~~""''·''"'~"~·---··'·""~"--·· ~-"'-·--' .·,~,-· ttt , ; 
Table 5 (Continued) 
Sample Texture Litholo&;t 
Number Location Sand Silt Clay Crystln. Carbonate Shale Lignite 
4 -4 Tl41NR55W/12/SE/SE/SE 8.0 68.5 23. 5 6 10 84 0 
-5 10.7 65 .7 23.6 6 6 88 0 
-6 9.9 65.9 24.2 15 10 75 0 
-7 10.1 65.0 24.9. 12 7 81 0 
-8 58.8 36.4 4.8 0 0 100 0 
-9 96.3 1.0 2.7 
5 -1 Tl42NR55W/13/SE/SE/SE 16. 3 63.0 20. 7 
-2 N ,':J:,. t"'"' V!·Vf!~/ 16.3 54.0 29.7 56 14 30 0 
-3 41.8 45.7 12.5 34 22 44 0 
-4 # N 9(, If{, 34.2 46 .9 18.9 37 25 38 0 
-5 35.1 41.6 23.3 38 21 41 0 
-6 47.0 35. 5 17.5 30 17 53 0 f-' 
-7 46.9 39.9 13.2 36 16 47 1 "' 0 
6 -1 Tl42NR55W/36/NE/NE/NE 31.6 46.1 22. 3 
-2 31.7 39.0 29.3 47 13 39 l 
-3 33.0 40.5 26.5 43 18 39 0 
-4 32.4 40.3 27,3 30 26 44 0 
-5 32.6 40.6 26.8 41 20 39 0 
-6 43.5 40.0 16.5 32 22 46 0 
-7 37.6 42.2 20.2 45 23 32 l 
-8 19.6 61.6 18.8 33 13 53 l 
-9 11.0 69.8 19 .2 17 10 73 0 
-10 16.l 63.6 20.3 31 16 53 0 
-11 11.8 71.5 16,7 14 11 75 0 
-12 35. 2 49 .4 15.4 32 18 47 3 
.. 13 12.1 69.4 18.5 15 14 69 2 
'1 ; ,~-··· '·'"''··--··' '~-······-··-"- ' ... 11/ 
Table 5 (Continued) 
Sample Texture Lithology 
Number Location Sand Silt Clay Crystln, Carbonate Shale Lignite 
7 -1 Tl43NR54W/4/NW/NW 31.3 42.3 26 • .4 
-2 33. 7 42.6 23.7 38 31 31 0 
-3 35.3 36.3 28.9 35 24 41 0 
-4 34.0 34 ,8 31.2 
-5 32.6 37.8 29.6 27 21 52 0 
-6 50.4 34.8 14.8 21 19 59 1 
-7 81.6 14.3 4.1 32 3 56 0 
-8 91.1 5.4 3.5 10 2 82 6 
-9 84 .8 9.4 5.8 19 10 67 4 
9 -1 Tl43NR55W/l/NW/NW/NW 19 
,-.. 
34 .8 43.5 21. 7 58 23 0 " -2 38.8 38.9 22.3 30 22 48 0 ~
-3 14.0 65.5 20.5 43 21 36 0 
-4 1. 7 78.6 19.7 
-5 17.4 66.7 15.9 
-6 34.2 55.8 10.0 
-7 60.7 33.0 6,3 
10 -1 Tl43NR55W/10/SE/SE/SE 44.6 41.4 14.0 43 23 34 0 
-2 38. 7 40.5 20,8 29 16 55 0 
-3 38. 7 40. 7 20.6 27 24 49 0 
-4 38.8 41.2 20.0 29 15 56 0 
-5 39.8 35.8 24.4 25 12 63 0 
-6 39.5 32.7 27.8 29 21 50 0 
-7 16,1 63.3 20.6 11 11 77 1 
-8 38.8 38.4 22,8 18 11 71 0 
-9 6.0 75.7 18,3 21 18 60 l 
-10 69,7 25.4 4.9 37 14 49 0 
'< 
«,,.....,~_.u--...,_..,,i,....;.~;"''""'"'°"-._u.,._.,;,;...,_.,,;.~...-.,, I( TI It '& - ..,, ft " ·:i * b, t 1 > '1''. •« . *11.?F. ·" i' LfP\Pf.'q .t., , %IL (iti:JI :t111 
Table 5 (Continued) 
Sample Texture Litholofil'. Number Location Sand Silt Clay Crystln, Carbonate Shale Lignite 
11 -1 Tl43NR55W/21/NE/NE/NE 44.7 44.3 11.0 60 28 12 0 -2 /J/:tJ, ,;>;') .. \:1,·cP1.' 23.0 38.1 38.9 35 17 48 0 -3 38.5 46.9 14.6 37 23 40 0 -4 # .I\} 'I' 'I - 40.5 40.9 18.6 24 20 56 0 -4a " i,,) ..,_'\ 41.0 39.0 20.0 28 22 so 0 -5 41.3 34.2 24. 5 26 10 64 0 -6 37.3 38.7 24.0 23 10 67 0 -7 31.3 42.8 25.9 15 11 74 0 -8 12.7 66.7 20.6 15 7 78 0 -9 15.0 70.1 14.9 5 0 95 0 -10 41.0 49.0 10.0 
,.... 
...; 12 -1 Tl43NRS5W/36/NE/NE/NE 50.8 27 .2 22.0 66 33 1 0 "" -2 N,J;; C,•" 21.0 49,6 29.4 52 28 20 0 -3 t,1 ," \:•/'· 1' 37.4 37.5 25,1 41 18 51 0 -4 fl N 7~ i/ 7 35,9 36.1 28.0 40 26 34 0 -5 36.2 37.8 26.0 28 23 49 0 -6 40.4 39.9 19.7 18 12 70 0 
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Till Density Determination Procedure 
The following procedure was used to determine the densities 
of core till samples. Results are presented in Table 4. 
1. The mass of the till sample is determined • 
2. The weighed sample is located with hot wax, allowed to cool, 
re-weighed. 
3. The mass of the wax is determined by subtracting the mass 
of the uncoated sample from the mass of the coated sample. 
4. The wax-coated sample is inmiersed in a water-filled graduated 
cylinder and the volume of water displaced is noted, 
5. Determination of the density of the wax is then made by 
weighing a piece of wax and immersing it in a water-filled 
graduated cylinder and recording the volume of water dis-
placed. Density of the wax is determined by divicing the mass 
of the wax by the volume of the wax. 
6. The volume of the wax on the wax-coated sample is determined 
by dividing the mass of the wax on the sample by the density 
of the wax. 
7. The volume of wax is then subtracted from the volume of the wax-
coated sample. Density of the sample is determined by dividing 
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